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Abstract

The Chandra Deep Fields provide an extraordinary window into the high-energy history of the
cosmos. Observations of non-active galaxies within the deep fields can be leveraged to extract
information about the formation and evolution of X-ray binaries (XRBs). Previous studies have
suggested that the evolution of XRB luminosity can be expressed a function of physical parameters
such as star formation rate, stellar mass, stellar age, and metallicity. The goal of this work is to
develop and implement a complete physical parameterization for the luminosity of XRB populations, which can be utilized for a variety of further studies.
Chapter 1 provides the necessary scientific background for the remainder of the work. This
specifically covers the formation of XRBs and the observed general trends associated with populations of XRBs. The motivating work for the later chapters is detailed as well.
Chapter 2 outlines the groundwork necessary to determine the star formation history of a
galaxy, which is an essential step in developing an age-dependent model. The components of
the Lightning spectral energy distribution fitting procedure are explained and the supporting
evidence for use of Lightning is presented.
Chapter 3 establishes a procedure for creating and fitting a non-parametric age-based model for
the evolution of XRB luminosity. A sample selection procedure is detailed, producing a sample
of 344 deep field galaxies to be fit. Two models are fit, and one is found to provide a statistically
robust. The results of the model are presented and interpreted for various applications.
Chapter 4 continues the pursuit of a complete physical parameterization. It begins by expanding the sample size through loosening the restrictions required for Lightning and incorporating
metallicity measurements from the fundamental metallicity relation. Three different functional

forms and the motivations behind each one are established. These models are fit to the data and
although one is found to produce an acceptable fit, the model is not widely applicable.
Chapter 5 summarizes the findings of this work and discusses the accomplishments and shortcomings. Additionally, possible routes for future studies are discussed.
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Chapter 1
An Introduction to X-ray Binaries
1.1

Scientific background

The field of X-ray astronomy is relatively new compared to the long history of astronomy, originating within the last century. Spanning the launch of the Einstein Observatory through the continued
observations with Chandra, NuSTAR, and more, the field has rapidly evolved as improvements
to technology have increased the scientific capabilities. The existence of X-ray imaging technology outside of the Earth’s atmosphere has provided us with a new, high-energy window into the
cosmos. One such topic within X-ray astronomy that is the focus of this work is X-ray binaries
(XRBs).
Through the subarcsecond resolution of Chandra it is now possible to resolve individual X-ray
sources. An example of this shown in Figure 1.1, comparing the M51 galaxy as observed in the
optical and X-ray bands. This enables for precise studies of various X-ray sources in the local
Universe, which allows for a strong fundamental understanding of such high energy systems.
Alongside the study of individual XRBs, we have also gained the ability to study entire populations of X-ray sources through deep field observations. Two particular observations of note are the
Chandra Deep Fields North and South (CDF-N and CDF-S respectively), each of which overlap
with deep field observations in other wavelength ranges. The CDF-S specifically, shown in Figure
1.2, is the deepest X-ray observation ever taken, with over 7 Ms (∼81 days) of total observing
time (Luo et al., 2017). The CDF-N has over 2 Ms (∼23 days) of total observing time on its own,
further adding to the wealth of deep observations available (Xue et al., 2016).
Throughout this introduction we present a brief overview of two different views of XRBs: an
1

Figure 1.1: Two images of the galaxy M51. The full color image towards the upper right shows the
optical view of the galaxy (taken by the Hubble Space Telescope), while the purple-scale image
towards the lower left shows the X-ray view (taken by the Chandra Observatory). Unlike a majority
of optical features, individual X-ray point sources can be identified. Both images are from the web
page https://chandra.harvard.edu/photo/2014/m51/; credit NASA/CXC/STSci.
“individual” view covering the formation and evolution of a binary star system into an XRB, and a
“deep field” view covering the broad effects that are observed regarding populations of XRBs. This
will not be a comprehensive review, as the study of binary star systems and all aspects of XRBs
is vast (see Fabbiano, 2006 for an in-depth review). Instead we will focus on what is essential for
understanding this work and the topics within.

2

Figure 1.2: The central square of the Chandra Deep Field South 7 Ms exposure. The colors are false colors based on X-ray energy radiation levels. This image is from the web page
https://chandra.harvard.edu/photo/2017/cdfs/; credit NASA/CXC.
1.2

Formation of an XRB

Before understanding the process by which an XRB is formed, it is important to first have an understanding of the evolution of a single star. This topic alone merits far more review than we will
provide, but it is an essential starting place. Throughout the lifetime of a star the gravitational
pressure will force the elements within the star to undergo nuclear fusion, radiating thermal energy
away from itself. However, as a star radiates thermal energy it further contracts, applying additional pressure to the contents of the star and further raising the temperature. This will force a star
to burn through various types of nuclear fuel as it reaches various temperatures and pressures. This
process of fusing various elements into heavier elements repeatedly, called stellar nucleosynthesis,
results in significant changes to a star’s temperature, radius, and luminosity throughout its life.
Crucially, the radius of a star can vary by several orders of magnitude over its lifetime. This entire
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process occurs over millions to tens of billions of years (106 to 1010 yr), and varies depending on
the initial conditions of the star, also referred to as the zero-age main sequence point (ZAMS).
Eventually a star reaches the end of its ability to burn fuel. For high-mass stars (greater than
8 solar masses, M⊙ ) this occurs when the star forms an iron core, which requires more energy to
fuse than it releases. This results in a core collapse supernova, causing the star to eject its outer
layers and leave behind a massive compact object. For stars with a ZAMS mass greater than 25
M⊙ this object will be a black hole, while stars in the 8–25 M⊙ range will result in the formation of
a neutron star (Kippenhahn and Weigert, 1990). For lower-mass stars there is insufficient pressure
to create a supernova, and instead after flashes of non-negligible mass loss, the star will form a
white dwarf.
While the lifetime of a single star can be explained in a somewhat straightforward manner,
binary star systems require further attention to the interaction between the two stars. Surveys of
the Milky Way have found that roughly one third of all stars are in multiple-star systems. This
percentage changes with stellar mass, with high-mass stars being much more likely to be found
in multiple-star systems (Lada, 2006). One particular feature to note in binary star systems is a
boundary called the Roche lobe, which is the volume of space where material is gravitationally
bounded to one star or the other. As a star’s radius changes it can trigger an condition in which
the matter of one star cross the Roche lobe and is then transferred to the other star. This process
is known as Roche-lobe overflow, and presents a dynamic opportunity for evolution of a binary
system. Under normal circumstances the higher mass star in a binary will trigger Roche-lobe overflow first, as it will evolve more rapidly than its lower-mass companion.
Depending on the composition and proximity of the stars this mass transfer can potentially
be stable, or even result in a runaway effect. Assuming that the Roche-lobe overflow continuous
4

Figure 1.3: A cartoon depiction of the formation of a low-mass XRB. Masses are listed next to
each object in terms of solar mass. The age of the system and orbital period of the two stars is
listed to the right of each step. Figure taken from Tauris and van den Heuvel (2006).
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(either stably or as a runaway effect), this will lead to the formation of a continuous mass, called
the common envelope. The common envelope creates a significant drag force on the donor star,
which gradually reduces the angular momentum of the system, and thus the separation between
the two stars. This spiral-in phase brings the two stars significantly closer together than they could
possibly form initially at ZAMS (Tauris and van den Heuvel, 2006). At some point during this
mass transfer and spiral-in process the donor star will become a supernova, leaving behind a massive compact object and a companion star in extremely close proximity to each other.
The process can now reverse, as what was previously the mass-receiving star will begin transferring matter back onto the compact object. The most obvious mechanism for this would be
Roche-lobe overflow of the companion star, however other mechanisms such as strong stellar winds
can also cause mass transfer onto the massive compact object. The matter being transferred onto
the massive compact object undergoes extreme heating as the gravitational potential energy is released. This causes the emission of extremely high-energy radiation in the form of X-rays, thus
completing the formation of the XRB. An illustration depicting this entire process is presented in
Figure 1.3.
XRBs are generally broken into two distinct groups based on the mass of the donor star: highmass and low-mass XRBs (HMXBs and LMXBs respectively). While there is no precise cutoff for
each group, it is useful to decide on some form of a limit to quantify certain aspects later. Companion stars of HMXBs generally have a mass of 10 M⊙ or higher, leading to generally short accretion
timescales of tens of millions of years. The companion stars of LMXBs typically have masses at
or below 1 M⊙ , leading much longer accretion timescales on the order of billions of years.
It is worth noting that each of the details mentioned here can significantly alter the resulting
XRBs. The initial distribution of the mass between the two stars, orbital separation/eccentricity,
6

the efficiency of the common envelope in reducing the separation, and the effect that the supernova has on the system are just a few of the important factors in determining what the state of
an XRB is (Fragos et al., 2013; Tauris and van den Heuvel, 2006). Additionally, there are further
details after the XRB is formed that we do not cover here. Figure 1.3 alludes to the creation of
a millisecond pulsar due to the accretion onto the neutron star increasing its angular momentum
to the point of it having an incredibly short rotational period. HMXBs are also likely progenitors to massive compact object binaries, eventually leading to gravitational wave sources. The
“multi-messenger” study of such exotic objects is a rapidly growing field within astronomy, but
lies outside the scope of this work. We will primarily focus on XRBs as sources of X-ray radiation.

1.3

General evolution of XRBs

Although we have the observational capability to study individual XRBs (see Figure 1.1), this work
will focus on deep field studies. While observing a deep field the galaxies appear as point sources,
so resolving individual X-ray sources is impossible. Instead we study the entire population of
XRBs within a galaxy at once, across numerous galaxies. This enables us to study broad tendencies of XRBs at simultaneously, learning about general patterns of their evolution. However, it is
important to note that such deep field surveys require additional care to be sure that they are in fact
studying XRBs. Because the galaxies are not spatially resolved, the possibility of contamination
from active galactic nuclei (AGN) is significant. AGN emit far more powerfully in the X-ray range
than any population of XRBs, and the underlying mechanics are extremely different. Any work
aiming to study normal galaxies (i.e. non-AGN) must remove any contaminating AGN first. We

7

Figure 1.4: A plot of the LX –SFR relationship in deep field, local, and luminous IR galaxies. The
straight line shows the scaling relation. Figure taken from Mineo et al. (2014).
will discuss the treatments to remove AGN as necessary later in this work.
Two important scaling relations have been well documented in surveys of deep field galaxies.
As discussed in Section 1.2 HMXBs generally have short timescales for accretion (< 100 Myr).
This suggests that stellar populations with a low star formation rate (SFR) will have a reduced population of HMXBs, and thus a less luminous population as well (denoted as LX ). Such a scaling
relation was studied in Mineo et al. (2014) and shown in Figure 1.4.
The LMXB population is expected to significantly outlive the HMXB population out to timescales
of billions of years, indicating that SFR is not the proper value to scale to. Instead LMXBs sim-

8

Figure 1.5: A plot of the LX –M⋆ relationship in local and deep field galaxies. The straight lines
shows the scaling relation for each population of galaxies. Figure taken from Gilfanov et al. (2004).
ply require more stellar mass (M⋆ ). More stellar mass results in more total stars which can power
LMXBs. This scaling relation was studied in Gilfanov et al. (2004) and is shown in Figure 1.5.
More recently the scatter seen in each of these scaling relations has been subject to further
study. Inspecting Figure 1.4 closely shows a scatter of up to 1 order of magnitude at certain points.
Further inspection of the properties of each galaxy and their residual from the best-fit scaling relation motivated further study of deep field galaxies. Lehmer et al. (2016) found that each scaling
relation has a further evolution with respect to redshift, z. These evolving scaling relations are
shown in Figure 1.6.

9

Figure 1.6: Plots showing the evolution of each scaling relation with respect to redshift. The black
points are the points used to fit the global fit (blue line). Additional observational and theoretical
studies are added for comparison. A clear trend is established for each scaling relation. Figure
taken from Lehmer et al. (2016).
However, the observation of such an evolution simply prompts further study. Redshift is a
direct measure of the relative velocity of a galaxy, and an indirect measure of the distance to that
galaxy. Neither distance nor relative velocity should have an impact on the XRB population within
an observed galaxy. Additionally, the parameterizations as functions of redshift cannot be extrapolated out to the very early Universe, as redshift becomes extremely non-linear compared to time
and would result in non-physical predictions for LX . Computational models have suggested that the
true underlying physical cause for each evolution is most likely stellar age and metallicity (Fragos
et al., 2013). From the ZAMS point, stellar age determines the state that a star is in. For example,
at a certain age an HMXB might no longer exist, or an LMXB might begin mass transfer through
Roche-lobe overflow. Separately, metallicity is tied to mass-loss rates during the lifetime of massive stars, which effects the angular momentum of a binary system and the likelihood of a massive
star undergoing core collapse into a supernova.
10

Studies of local galaxies have already begun investigating the role these physical parameters
have on the evolution of XRB luminosity. The main focus of this work is to develop and implement a method to investigate the role that metallicity and stellar age have on the luminosity of
XRB populations within the deep fields. Developing a globally applicable physical parameterization would allow for meaningful extrapolations to be made to very high redshifts. Achieving this
deeper understanding of XRB evolution through cosmic time would unlock further insights to a
variety of astronomical questions.

11
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Chapter 2
Deriving Star Formation History from Spectral Energy Distribution Fitting
Woodrow Gilbertson1 , Bret Lehmer1, 2 , Keith Doore1, 2 , and Rafael Eufrasio1

1

Department of Physics, University of Arkansas, 226 Physics Building, 825 West Dickson Street,

Fayetteville, AR 72701, USA
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Arkansas Center for Space and Planetary Sciences, University of Arkansas, 332 N. Arkansas
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2.1

Abstract

The broadband spectral energy distributions (SEDs) of galaxies are measurable with the suite of
observatories around the world and in outer space, with observations thoroughly covering UV–to–
IR wavelengths. These SEDs are shaped by numerous physical properties of each galaxy including
stellar mass distribution, stellar evolution, dust mass and composition, and star formation history
(SFH). These physical properties can be extracted by fitting a model SED based on those physical
properties to the observed SED. In this chapter we examine the numerous factors that make up
a stellar population synthesis model, beginning with simple stellar populations (SSPs) and building up to complex stellar populations (CSPs). We explore the benefits and limitations of using
various techniques. We utilize the Lightning SED fitting code to model the star formation
rate (SFR) in discrete age bins for galaxies based on UV–to–IR observations, and validate the use
of Lightning by comparing the recovered physical properties to well-established benchmarks.
This work will serve as an essential first step towards studying the evolution of X-ray binaries from

13

their initial stellar populations.

2.2

Introduction

Spectral energy distributions (SEDs) contain information on the fundamental physical properties
of a galaxy. Analysis of broadband FUV–to–FIR SEDs has led to insights regarding the ratios
at which different stellar masses form, the timing of star-forming events, the interstellar medium
(ISM), and how stellar populations evolve. These observations have shaped our understanding of
galaxy formation and evolution in modern astronomy. Fitting a model SED to the observed SED of
a galaxy, and then analyzing which assumptions went into that model is a technique that has been
practiced for over five decades (e.g. Spinrad and Taylor, 1971; Tinsley, 1980). It is only over the
last two decades that the modern suite of space telescopes (e.g. Spitzer, Herschel, Hubble, Swift)
has been able to fully probe the UV and FIR ranges, greatly enhancing the capabilities of SED
fitting procedures. Although equally significant improvements have been made to observing other
bands of the electromagnetic spectrum (i.e. X-ray, radio) those wavelengths are primarily utilized
to study other topics in astronomy, not the history of star formation within a galaxy.
Access to UV photometry is essential to recover information about the youngest and hottest
stars that emit predominately in the UV, as well as the oldest post-main sequence stars, such as
asymptotic giant branch stars. IR observations are also required, as the UV light is difficult to
directly observe. The dust of the ubiquitous ISM scatters and absorbs a large majority of the UV
light, before emiting it in the IR–FIR range (e.g. Mathis et al., 1983). SED models that included
broadband observations quickly developed alongside the technological advancements to further
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the understanding of stellar population evolution (da Cunha et al., 2008; Draine and Lee, 1984;
Noll et al., 2009; Silva et al., 1998).
While SED fitting is an essential step of this work, the capabilities of SED fitting are vast and
go far beyond the scope of this work. There are reviews of modern SED fitting procedures and
insights available in Walcher et al. (2011) and Conroy (2013) that cover a much broader range of
topics. The reason we utilize SED fitting in this work is to recover the star formation history (SFH)
of deep field galaxies, which is this star formation rate (SFR) as a function of time. For this work
we will not be concerned with fitting the SEDs of active galactic nuclei (AGN), as we focus on
X-ray binaries within normal galaxies. Additionally, while we will discuss the importance of dust
in SEDs it will not be a focus moving forward, so we will not dedicate more time than necessary
to it.
At the highest-level, the core mechanic of SED fitting is to synthesize different amounts of
stellar masses at different ages, and find some combination that would result in an appropriate
match to the observed photometry of a galaxy. Of course, below this level there are many more
factors that go into the development of an SED fitting procedure. A visualization of this SED fitting
process is provided in Figure 2.1. We use the terms simple stellar population (SSP) and complex
stellar population (CSP) to denote the stages of synthesizing the model SED. An SSP is a single
mass of stars that forms and ages together, with each star having its own emission spectrum, which
can be condensed down to a single spectrum for the entire SSP. A CSP then accounts for multiple
SSPs forming at different times, and the light from each SSP being attenuated by dust and then
re-emitted. This produces the final model SED, which can then be fit to an observed SED.
There are a diverse range of SED fitting procedures, each built with a specific purpose in mind.
For the later chapters of this work we will use Lightning, as it was developed with the needs of
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this work in mind (Doore et al., 2021; Eufrasio et al., 2017). Lightning has been proven to be
able to accurately recover the SFHs of nearby galaxies, as well as deep field galaxies.
In Section 2.3, we outline the process of synthesizing an SSP, starting from the initial distribution of stellar masses and concluding with the observable stellar population spectra. In Section
2.4, we include the necessary steps to model multiple SSPs forming at different ages to create a
model SFH, as well as the necessary attention to dust and how it significantly reshapes the observed spectrum. In Section 2.5 we discuss the UV–to–IR SED-fitting code Lightning used to
estimate SFHs. We present reasoning for the selections made within Lightning and validate the
model by comparing it to another SED-fitting procedure and observed galaxy properties. Cosmological values of H0 = 70 km s−1 Mpc−1 , ΩM = 0.3, and ΩΛ = 0.7 are adopted throughout this paper.

2.3

Simple stellar populations

An SSP can be thought of as modeling how a single cluster of stars can form a variety of stars, and
the observable emission spectrum of each star as the cluster ages. This requires knowledge of what
masses of stars tend to be formed more frequently than others, known as the initial mass function
(IMF). Once a stellar population is formed, it then begins its life and can be tracked through the
use of isochrones. Each star will undergo significant and sometimes drastic and rapid changes to
its effective temperature and radius, driven by changes to its convective/radiative cycles and exhausting available chemical fuel sources. These changes directly shape the emission spectrum of
each star, which can all be added together to produce one spectrum of the SSP. Synthesizing an
SSP requires care for the treatment of each of these steps, with empirical observations laying the
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foundations and theoretical models supplementing the observations where appropriate.

2.3.1

Initial Mass Function

When a population of stars is first created, not all stellar masses are equally likely to be formed.
The distribution of stellar masses shortly after a star forming event is a well-studied phenomenon
(Chabrier, 2003; Kroupa, 2001; Salpeter, 1955). It has been found that by number, lower-mass
stars (M < 0.8M⊙ ) greatly outnumber higher mass stars (M > 2M⊙ ) by orders of magnitude. The
IMF is typically written as a differential of number of stars above a certain mass-threshold (N)
taken with respect to that mass-threshold (M). This is represented formulaically as:

dN
∝ M −x
dM

(2.1)

Salpeter (1955) found that a value of x = 2.35 describes the observed stellar population well at
the time, however more recent studies of the local neighborhood (e.g. Chabrier, 2003; Kroupa,
2001) have found that the Salpeter IMF over-estimates the number of low-mass stars (M⋆ < 1 M⊙ ).
Throughout this work we will utilize the Kroupa (2001) IMF, which uses a piecewise function for
x as follows,


if M ≤ 0.08 M⊙ 
 0.3,
1.3, if 0.08 M⊙ < M ≤ 0.50 M⊙
x=


2.3,
if M > 0.50 M⊙

(2.2)

The result of this is the production of significant fewer low-mass stars. The Chabrier (2003) IMF
also suggests a similar result, but uses a different functional form.
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Figure 2.2: Comparisons of the cumulative mass fractions (top) and cumulative luminosity fractions (bottom) for two different IMFs: Kroupa (2001) and Salpeter (1955), in solid blue and dashed
orange lines respectively. The left panels show a young stellar population that would still contain
stars with M⋆ ≤ 100M⊙ , while the right panels show an older stellar population that would be
limited to stars with M⋆ ≤ 1M⊙ . The Salpeter (1955) IMF produces significantly more low-mass
stars than the Kroupa (2001) IMF. While this effect is negligible on the resulting luminosity for the
younger stellar population, in the older stellar population the effect becomes more noticeable.
While low-mass stars dominate the total count of stars, this does not mean that the higher-mass
stars can be ignored; in fact, it is quite the opposite. High-mass stars are orders of magnitude more
luminous than low-mass stars, resulting in the total luminosity of a stellar population being largely
dependent on the high-mass stars.
Figure 2.2 demonstrates the significance of low-mass stars to the total stellar mass of a stellar population as well as the significance of high-mass stars to the luminosity of that same stellar
population. Underpinning all of this is the IMF, as it determines the distribution of masses within
a stellar population. The difference between the Kroupa IMF and Salpeter IMF is demonstrated in
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Figure 2.2, as each method is shown in solid blue and dashed orange lines respectively. The choice
of IMF significantly impacts the composite light-to-mass ratio of a stellar population, which is key
for the extraction of SFHs. Additionally, Figure 2.2 shows how the choice of IMF scales with age.
The left panels depict a young stellar population that would contain high-mass stars, while the right
panels depict an older stellar population at a turnoff mass of 1 M⊙ . We will be modeling the SFHs
from 106 to 1010 years, meaning the choice of IMF will have a significant impact. Throughout this
work we will utilize a Kroupa (2001) IMF.

2.3.2

Isochrones

After a star forming event occurs the stellar population will then begin to age and undergo stellar
evolution. Stars go through various cycles of convection and radiative heat transfer, burning various chemical fuel sources, and as a result have significant changes to their effective temperature
and luminosity. Due to the timescale of star forming events SSPs are assumed to have a single
common age for the entire stellar population. Knowing that an SSP has a common age allows for
tracking that population with isochrones.
While the space of parameter effective temperature-luminosity is thoroughly populated by stars
of all ages, careful observations of clusters have discovered that populations of stars that have a
common age fall along common lines. These lines, called isochrones, show the possible locations
of each star within an SSP in the effective temperature-luminosity phase space. An example set of
nine isochrones is demonstrated in Figure 2.3.
Isochrones rely on both observational evidence and computational modeling to fill in the diagram. Some portions of the diagram (along the stellar main sequence) are well populated with
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observed stars and require minimal interpolation, while sections that depict stars undergoing rapid
evolution require additional computational modeling to support. Rapidly evolving high-mass stars
(≈ 100 M⊙ ) have swings in effective temperature of orders magnitude (see the upper blue line in
Figure 2.3). Similarly stars in the thermally pulsing asymptotic giant branch (TP-AGB, vertical
lines on the right side of Figure 2.3) and extreme horizontal branch (EHB, upper horizontal lines
in Figure 2.3) have a significant lack of empirical data. Conversely, a nearly opposite problem
exists for main sequence stars exceeding 9 Gyr in age. The isochrones sit closer together as stellar
age increases, making it increasingly difficult to discern one from another. The abundance of data
does not remedy this, as the problem is rooted in the isochrones themselves evolving so slowly, not
a lack of data and a reliance on interpolation. It is for this reason that when we model SFHs (see
Section 2.5) we do not include additional age bins at the oldest stellar populations, despite those
age bins being so much wider than the earlier age bins.
The construction of isochrones requires certain assumptions to be made regarding the priorities
of the computational simulations used to interpolate within the empty regions. For the isochrones
shown in Figure 2.3 we have used PARSEC (formerly Padova) stellar tracks (Bressan et al.,
2012) for the pre-main and main sequence evolutions and scaled-solar chemical compositions.
The model output luminosities are calculated using the UBVRIJHK photometric system with Vega
calibrations, as presented in Cardelli et al. (1989), O’Donnell (1994), and Bohlin et al. (2020).
TP-AGB and AGB branches are interpolated with observational support provided in Groenewegen
(2006) and period variability as reported in Trabucchi et al. (2021).
There are non-negligible challenges when interpolating isochrones from various backgrounds.
Any assumptions regarding metallicity, size of a convective stellar core, rotational period, and
mass-loss rate all affect the lifetime of a star, thus affecting the isochrones of a stellar population
21
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Figure 2.3: Effective stellar temperature versus luminosity for nine isochrones displaying the stellar
tracks at different ages in time for stars ranging in mass from 0.1 to 50 M⊙ , all with solar metallicity
Z⊙ . The ages are evenly distributed in log-space, as these are similar to the age-bins that will be
used in the Lightning fitting code (see Section 2.5). The higher-luminosity (younger stellar
age) tracks show significant and rapid changes in effective temperature, while increasing in stellar
age shows a rapid decrease in luminosity of those same stellar populations. These changes are
crucial for modeling stellar spectra (see Section 2.3.3).
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(Charlot, 1996; Charlot et al., 1996; Conroy et al., 2009; Yi, 2003). These uncertainties result in
poorly constrained isochrones in certain locations where there is a gap in observational data. Nevertheless, the goal of a stellar synthesis model is to create a complete picture of a stellar population
across as wide of a parameter space as possible, so these uncertainties are unavoidable and will be
included in our work moving forward.

2.3.3

Stellar Spectra

The final ingredient to an SSP synthesis model is a set of spectra for the stellar population, including the emission lines of relevant compounds based on stellar chemical abundances. While
the IMF provides an estimate of the initial mass distribution of a stellar population and isochrones
allow for the tracking of physical changes to those stars as they age, stellar spectra provide direct
observables for those stellar populations. The measurement of stellar spectra is an old practice
dating back to over a century ago, but continues to grow in complexity.
Similar to the creation of isochrones, stellar spectra are created through a combination of observational evidence with computational modeling to interpolate where necessary. Models struggle to
fully reproduce the complete set of features observed in stellar spectra. This is partially due to an
incomplete list of atomic lines (Kurucz et al., 2009), but mostly due to significant uncertertainies
in the molecular line lists for cooler stars (Allard et al., 2012). Cooler stars allow for the formation
of larger molecules, which have a non-trivial effect on the stellar spectrum from the cooler stars.
An example of this can be seen in Figure 2.4, as the smaller, cooler star (type M1II, Te ≈ 3500 K)
has a significantly noisier spectra than the significant hotter type O9V (Te ≈ 36, 000 K) and type
A1V (Te ≈ 10, 000 K) stars.
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Figure 2.4: Three stellar spectra generated from Elodie (Baranne et al., 1996; Prugniel and
Soubiran, 2004; Prugniel et al., 2007) for an O9V star (orange), M1II star (blue), and A1V star
(green). The fluxes are arbitrarily normalized for comparison.
Despite their shortcomings, computational models have the advantage of freely exploring the
parameter space, while observational-based spectral libraries are limited to the incomplete coverage of parameter space that is available to us. While synthesizing complex stellar populations (i.e.
galaxies) the confinements of purely empirical libraries outweigh the benefits, and so we will use
a more computational-based spectral library. The premiere such spectral library is BaSeL (Lejeune et al., 1997, 1998). The strength of BaSeL lies in the wide parameter space covered by the
library, which is accomplished with the inclusion of several, more specific theoretical models (i.e.
Allard and Hauschildt, 1995; Bessell et al., 1989, 1991; Fluks et al., 1994; Kurucz, 1995). Despite
being 25 years old, the BaSeL library is still in use today, as it continues to produce spectra yielding statistically acceptable agreement across a wide range of observed stars (Bertone et al., 2004;
Kučinskas et al., 2005; Martins and Coelho, 2007). Because the goal of this work is to create SEDs
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that would fit galaxies spanning a wide range of mass, metallicity, and stellar age, we will utilize
the BaSeL library during the synthetic creation of SSPs.
The problems with the modeling of cooler stars still persists. Modern analysis still finds molecular line inconsistencies, but predominately in stars with Te < 4500 K and within the Wein tail of
stars up to Te < 6000 K (Allard et al., 2012; Kučinskas et al., 2005). More recent computational libraries such as Elodie (Baranne et al., 1996; Prugniel and Soubiran, 2004; Prugniel et al., 2007)
are significantly increasing the number of molecular lines in their library, but still do not have the
parameter space coverage of the BaSeL library.

2.4

Complex Stellar Populations

SSPs are the first building block towards the full image for the SED of a galaxy: the CSP. In reality,
the emission from stars is not directly received by observers on Earth. While stellar emission is the
dominant source of power in normal (non-active) galaxies, that radiation is drastically attenuated
by dust within each galaxy. The result is a significant shift of the SED away from the UV and
towards the IR. Additionally, star forming events are not a single instantaneous event for an entire
galaxy, but rather a series of events, each with their own brief timescale for star formation. As
shown in Figure 2.1, it is only once all of those steps are accounted for that we can finally arrive at
the observed SED for a galaxy.
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2.4.1

Dust

Dust has two key roles in CSP synthesis: it attenuates UV and optical light and re-emits that energy through the IR. This creates drastic changes to the shape of the CSP spectrum compared to
the initially modeled spectrum in SSPs. The dust of the ISM includes carbon grains, silicon grains,
polycyclic aromatic hydrocarbons (PAHs), and other larger molecules (Leger and Puget, 1984;
Mathis et al., 1977). The method of modeling dust is non-trivial, as scattering effects mean that
light can scatter both into and out of the line of sight of a galaxy. Additionally, the density and
composition of the dust plays a significant role in estimating the attenuation and emission.
Much of what we know about dust attentuation comes from studies within the Milky Way
galaxy of the Magellanic Clouds. To calculate the dust absorption and emission profile the unattenuated spectrum of a source star must first be understood, which requires precise measurements
of the effective temperature and surface gravity of the star (Cardelli et al., 1989; Gordon and Clayton, 1998; Pei, 1992). One notable feature discovered in these studies was the presence a significant
and broad absoption feature at 2175 Å. However, this feature was not observed uniformly. It was
absent in a majority of the sightlines to the small Magellanic Cloud, and was weaker in the sightlines of the large Magellanic Cloud than throughout other locations within the Milky Way Conroy
(2013). The handling of this feature will be discussed further below (see Section 2.5.1).
One key difference between measurements of attenuation in the Magellanic Clouds and in entire galaxies is that stars within a galaxy will have a wide range of optical depths depending on their
location within the galaxy and the orientation of the galaxy from an observer’s point of view. A
good starting point is to assume there exists some amount of diffuse dust that is present throughout
the entire galaxy, regardless of location and viewing angle. This simple attenuation model led to
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the development of the Calzetti attenuation law (Calzetti, 1997; Calzetti et al., 2000, 1994):

Iλ = Iλ0 e−τ (λ)

(2.3)

where τ (λ) was empirically found to be well described by a simple polynomial λ−1 . This single
parameter model for dust attenuation has proven to describe most stellar populations well. There
are other dust attenuation models that include additional parameters for more nuanced stellar population synthesis. Two such examples of topics are the handling of birth clouds encompassing
young stars, and including an additional broad absorption feature at 2175 Å.
Young stars (t < 10 Myr) have been observed to have a significantly higher density of dust
surrounding them, referred to as a birth cloud (Charlot and Fall, 2000; Silva et al., 1998). For dust
attenuation models that wish to account for this, a single birth cloud attenuation can be added to
stellar populations less than 10 Myr in age (Eufrasio et al., 2017).

τBC (λ) = τBC,V



λ
0.55 µm

−1

(2.4)

Additionally, the 2175 Å absorption feature is accounted for in certain models. The simple
Calzetti attenuation curve can be replaced with a 3-parameter model that accounts for this. First
the diffuse attenuation curve will be updated to the following form (Eufrasio et al., 2017):

δ
λ
τDIFF,V ′
[k (λ) + D(λ)]
τDIFF (λ) =
4.05
5500 Å

(2.5)

In this form τDIFF,V and δ are parameters that can be fitted for on a per-galaxy basis. The inner
terms, k′ (λ) and D(λ) represent the Calzetti et al. (2000) and Noll et al. (2009) extinction curves
respectively, each taking the forms:
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′

k (λ) =



2.659 (−1.857 + 1.040/λ),
if λ ≥ 0.63 µm
2.659 (−2.156 + 1.509/λ − 0.198/λ2 + 0.011/λ3 ), if λ < 0.63 µm

D(λ) =

(0.85 − 1.9δ)(λ∆λ)2
(λ2 − λ20 )2 + (λ∆λ)2



(2.6)

(2.7)

In Equation 2.7 the δ is the same in Equation 2.5, while λ0 and ∆λ reference features of the
absorption feature (λ0 = 2175 Å and ∆λ = 350 Å, Kriek and Conroy, 2013).
After handling the first major role of dust (UV – optical absorption) the second major role
must be addressed: IR emission. Beyond λ ≈ 10 µm the emission of a galaxy is dominated by dust
(Draine and Li, 2007). The most common procedure here is to take the total absorbed energy and
use that to power a black-body emission (Bλ (Tdust ), e.g. Draine and Lee, 1984; Mennella et al.,
1998). More recently, other models use a two-gray body (Bλ (Tdust )λ−β ) emission model, based on
the idea of warm and cold components of the interstellar medium (da Cunha et al., 2008; Popescu
and Tuffs, 2002; Sauvage et al., 2005). Another methodology introduced in Draine and Li (2007)
uses a mixture of grains with a total mass Mdust which has been exposed to some radiation field
with intensity U, ranging from Umin to Umax . The parameterized form is as follows:
dMdust
α−1
= (1 − γdust )Mdust δ(U −Umin ) + γdust Mdust 1−α
U −α
1−α
dU
Umin −Umax

(2.8)

In this parameterization γdust is the fraction of the total dust mass exposed to the radiation field
and α is the power-law index of the radiation field. δ is the Kronecker delta function, which is
not the same as in Equations 2.5 and 2.7. There is an additional fifth parameter not shown in this
parameterization, qPAH , which is the PAH mass fraction of the dust.
28

With the attenuation and emission due to dust accounted for, an SSP can be converted into
a more realistically observable stellar population. Examples of a few such transformations are
shown in Figure 2.5. The three different simple stellar populations have their “original” emission
spectra (before accounting for dust attenuation) shown in blue. The red and green lines show the
emission spectra of the ambient ISM and birth clouds respectively. The total emission spectra of
the attenuated star light and gas is shown in the black line. In each of the spectra the UV–optical
star light is significantly reduced from the unattenuated spectra and the final IR emission beyond
λ ≈ 10 µm is dominated by dust emission. This clearly demonstrates how essential dust is in converting a synthetic SSP to a more complete picture of what would observed.

2.4.2

Star formation histories

The final ingredient in a complete synthesis of a CSP is an expression for SFR as a function of
time (ψ(t)), known as the SFH. The SFH of a galaxy can be modeled in many ways. The simplest
model that has seen used in the past was a monotonically declining SFR as a galaxy age (ψ(t) ∝
e−t/τ , Bruzual and Charlot, 2003). While this solution was simple, it was found to significantly
underestimate the recent SFR (last 100 Myr) by a factor of two, as well as underestimating the total
stellar mass (Lee et al., 2009). This is due to the fact that younger, more massive stars significantly
outshine older, less massive stars (see Figure 2.2). A follow-up study (Lee et al., 2010) tested the
goodness of fit of a “delayed” SFH model.
ψ(t) ∝

t −t
eτ
τ2
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(2.9)

While the delayed SFH model resulted in more accurate SED-fittings, the results were heavily
influenced by the priors for the parameters (Lee et al., 2010; Wuyts et al., 2011). However, the
underlying issue to both declining and delayed models is that neither is expected to describe the
real form that a galaxy’s SFH takes. There have been studies that have aimed at uncovering a
functional form for SFH through cosmological hydrodynamic simulations (Finlator et al., 2007),
which have suggested that true SFHs should feature not just rising or falling rates, but multiple
bursts of star formation, each with individual timescales for rising and falling.
However, as additional bursts of star formation are added to a SFH, the dimensionality of
the parameter space increases as well. Each successive burst of star formation requires a peak
time, decay constant, and normalization. Dye (2008) introduced a method for simplifying this
dimensionality problem by taking age bins and assigning each of them a constant SFR based on the
average SFR during that bin. An example of this, as well as other SFH models, is shown in Figure
2.6. The blue dot-dashed line can be thought of as the “true” SFH of a synthetic galaxy, which was
created by randomly selecting a peak age, normalization, and decay constant for 8 exponentially
decaying bursts, totaling to 24 parameters. The other three lines show how well the three different
models discussed above would fit that true SFH with the same total stellar mass formed. The
dashed orange line and dotted green line show the declining and delayed SFH models respectively.
The declining and delayed SFH models do a good job at describing the oldest stellar population,
but cannot recreate the later periods of star formation. The binned constant SFH (shown as a solid
black line) is able to model the entire SFH of this synthetic galaxy with just 5 parameters. There
is a non-negligible loss of nuanced details of the SFH, but with the benefit of having far fewer
parameters.
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quantities to which the model can be compared insures that
these different adjustable parameters can be constrained in
a meaningful way (see below). A usual limitation of this type
of study is that several different combinations of physical parameters can lead to similar spectral energy distributions of
galaxies. For example, age, metallicity and dust attenuation
have similar effects on the ultraviolet and optical spectra of
galaxies. An efficient way to derive statistical constraints on31
the various parameters in these conditions is to consider a
wide library of models encompassing all plausible parameter
combinations. Given an observed galaxy, we can build the
likelihood distribution of any physical parameter by evalu-

(2003) to interpret the optical spectra of SDSS galaxies.
The underlying assumption is that the library of models is
the distribution from which the data were randomly drawn.
Thus, the prior distribution of models must be such that
the entire observational space is reasonably well sampled,
and that no a priori implausible corner of parameter space
accounts for a large fraction of the models.

3.1.1

Model library

We build a comprehensive library of models by generating
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Figure 2.6: Examples of how three different SFH models fit to a burst SFH. The blue dot-dashed line shows the burst SFH with 24
randomly selected parameters. The orange dashed line shows a declining SFH model while the green dotted line displays a delayed SFH
model. The solid black line shows the a 5-bin constant SFH model as outlined by Dye (2008). Each of these SFH models creates the
same total stellar mass over 1010 yr.
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Age-binned SFHs (also referred to as non-parametric SFHs) have been implemented in a number of SED fitting codes (e.g. Cid Fernandes et al., 2005; Ocvirk et al., 2006; Tojeiro et al., 2007) to
great affect, as the age-binned SFH model is able to recover complex SFHs. This model demands
high signal-to-noise across wide wavelength coverage to function, as it models several populations
of stars at a variety of isochrones. All the traditional markers for massive young stars, AGB stars,
and lower-mass old stars are all required to recover an accurate SFH. Reviews and comparisons
have found that when the broadband data is available an age-binned SFH model has proven to
provide at least as accurate, if not more accurate, SED fitting results (Conroy, 2013; Tojeiro et al.,
2009).
It is worth mentioning that some CSP models add in another evolution alongside SFH: metallicity. This is reasonable, as it makes sense that as stars create heavier elements throughout their
lifetimes that the chemical composition of a stellar population would change over time. The chemically enriched remains of earlier stars go on to seed later generations, implying the existence of a
generational metallicity evolution. Enrichment of elements created through the α-process as well
as individual elemental variations are being investigated (Dotter et al., 2007; Salasnich et al., 2000).
However, this introduces another well-documented problem known as the age-metallicity degeneracy (Worthey, 1994). Increasing the metallicity of a stellar population has two known effects: the
effective temperature for main sequence and giant branch stars decreases, and we observe stronger
spectroscopic absorption. Both of these effects result in a redder SED as metallicity increases.
Worthey (1994) found that these factors have a near-perfect “3/2” degeneracy, meaning a factor of
3 increase or decrease in age corresponds to a factor of 2 increase or decrease in metallicity. There
has been significant work to use exact spectral features to break this degeneracy, but no comprehensive solution has been found yet (see Conroy, 2013 for a review). We choose to instead fix the
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metallicity of the stellar populations to solar metallicity (Z⊙ ). While this is clearly not a perfect
solution, it is expected to have minimal impact on total stellar masses, which are the primary focus
of this work (Doore et al., 2021; Muzzin et al., 2009; Pforr et al., 2012; Wuyts et al., 2009).

2.5 Lightning

The inclusion of models for dust and SFH concludes the necessary ingredients for the synthesis of
CSPs. Multiple SSPs can be synthesized for various periods of star forming activity in accordance
with the SFH model, which can then have all of their light attenuated and re-emited by dust to
create a complete picture for SED fitting. There are numerous SED codes that take an equally
numerous series of approaches (see Walcher et al., 2011 for a review). In this work we will use an
SED fitting code called Lightning, as introduced in Eufrasio et al. (2017) and further improved
upon in Doore et al. (2021). Lightning was created as part of an ongoing project to understand how XRB populations evolve by gathering insights relevant to the initial stellar population.
The applications to studies involving X-ray binaries will be explored in Chapters 3 and 4 of this
work, while the rest of this chapter is dedicated to understanding and evaluating the capabilities of
Lightning.

2.5.1

SED fitting procedure

The SED model for each stellar-age range is based on the FUV–to–FIR spectrum produced by
stellar populations formed across seven age ranges assuming a constant SFR over each bin. As
such, our SFHs can be expressed as either the SFR in each age-bin, ψi , or the stellar-mass con34

Filled diamonds correspond to the 12 broadband filters and the TIR luminosit
FIR bands combined to produce the TIR map. Black curves correspond to the
fitting. Response function peaks were normalized to 0.05.
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Figure 2.7: Spectral templates of five high-resolution SSP created with PÉGASE and used in
the SFHs considered in this paper. High-resolution Pégase specLightning. Each spectra is created assuming a constant SFR of 1 M⊙ yr−1 . The response
tra are shown in conjunction with the corresponding broadband
figures are shown in black curves, each normalized to have a peak of 107 L⊙ . Figure taken from
SEDs. These are the intrinsic, unattenuated spectra, for a conEufrasio et al. (2017)
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sponse functions of all filters are shown in black and their peaks
were synthesis
normalized
to 107 (Fioc
L! . and Rocca-Volmerange, 1997, 1999) with a Kroupa
the population
code PÉGASE
(2001) IMF and a solar metallicity (Z = 0.02, see Section 2.3.1 for details). PÉGASE itself uses

follow
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ation
times
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the isochrones of the PARSEC library (Bressan et al., 2012) and the stellar spectra of the BaSeL

the Fitzpatrick (1999) standard curve as coded in the
fm unred script of the NASA Goddard IDL Library
(Landsman
1993).
These libraries
are implemented
for the breadth of their parameter coverage, as we will be using
For the intrinsic attenuation, we consider a variable
Lightning to fit the SEDs of thousands of different galaxies in later chapters.
extinction curve composed of a diffuse attenuation comatlas (Lejeune et al., 1997, 1998), as previously described in Sections 2.3.2 and 2.3.3 respectively.

An example of how the PÉGASE population synthesis code synthesizes SSP spectra is shown
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with
δi1 is

in Figure 2.7. Five age-bins are represented here, allowing for each bin’s SFR to be individually adjusted to fit the SED of a selected galaxy (they are displayed here with a constant SFR of
1 M⊙ yr−1 ). Nebular emission lines are present in the 0–10 Myr spectrum, but are removed in
the older stellar populations. The five age-bins displayed here were used in analysis of M51 (see
Eufrasio et al., 2017; Lehmer et al., 2017), but in later chapters of this work we will increase this
number to seven age-bins. Additionally, it is important to note that an equal increase to any given
SFR does not necessarily result in equal changes to current stellar mass. As a stellar population
ages the more massive stars die out first, which decreases the amount of remaining stellar mass.
The return fraction of the stellar mass can be defined as the ratio of the current stellar mass (M⋆ )
to the initial stellar mass (M0 ). A list of the return fraction for each of the five age ranges used in
Eufrasio et al. (2017) and Lehmer et al. (2017) as well as the seven return fractions used through
later chapters are both provided in Table 2.1. With separate SSP spectra that can be easily tuned
through adjustments to the SFH, Lightning next handles dust.
To model the observed SEDs of each galaxy, we utilized the Calzetti et al. (2000) attenuation
curve and dust-emission models from Draine and Li (2007), as described in 2.4.1. We choose the
simple attenuation curve as it has been found to be acceptable for fitting the SEDs of deep-field
galaxies (Daddi et al., 2005; Ilbert et al., 2010; Mobasher et al., 2015; Skelton et al., 2014). The
2175 Å feature is predominately found in the Milky Way, but absent or significantly weaker in
studies of the Magellanic Clouds, indicating that it is not present in all stellar populations. The
Calzetti et al. (2000) attenuation curve has a single free parameter, the optical depth of the diffuse dust in the V-band (τVdiff ). We will also make use of the Draine and Li (2007) dust-emission
model, which is composed of five free parameters (see Equation 2.8 and the notes below it; α,
Umin , Umax , γ, qPAH ). The dust emission normalization parameter is uniquely determined by the
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Age bin range M⋆ /M0

Age bin range

M⋆ /M0

0–10 Myr

0.947 0–10 Myr

0.947

10–100 Myr

0.778 10–31.6 Myr

0.832

0.1–1 Gyr

0.656 31.6–100 Myr

0.764

1–5 Gyr

0.535 100–316 Myr

0.700

5–13.6 Gyr

0.249 0.316–1 Gyr

0.636

1–3.16 Gyr

0.555

3.16–10 Gyr

0.484

Table 2.1: The age ranges for each of the five bins used throughout Eufrasio et al. (2017) and
Lehmer et al. (2017), as well as the seven bins used throughout this study, and the fraction of
current stellar mass (M⋆ ) over initial stellar mass (M0 ) used to convert from SFR to current stellar
mass.
attenuated UV/optical power in the energy balance assumption. Of these five dust parameters, we
fix Umax = 3 × 105 and α = 2, motivated by the work of Draine et al. (2007) who found that fits
to the IR dust emission using the Draine and Li (2007) model were not sensitive to precise values
of Umax and α. Further, it has been found that the values of Umax = 106 and α = 2 could produce
quality fits to IR SEDs (Kennicutt et al., 2003; Leja et al., 2017). Thus, fixing these values minimizes any possible degeneracies that might arise from the insensitivity of these parameters. We
note that our fixed value of Umax is different from that found in Draine et al. (2007). This is due to
Lightning not extrapolating the publicly available δ-functions of U from Draine and Li (2007)
(see Doore et al., 2021, for more details). We also limit the dust models to use the “restricted” form
(0.7 ≤ Umin ≤ 25) which is recommended by Draine et al. (2007) when submillimeter wavelength
data is unavailable.
With the ability to synthesize a CSP and create a model SED, Lightning is able to fit that
model to the observed data with an adaptive Markov Chain Monte Carlo method (MCMC, An-
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drieu and Thoms, 2008; Doore et al., 2021). We begin by utilizing the χ2 statistic, calculated off
the model and observed luminosities in each of the m bands, as well as a calculated band of the
total IR luminosity, which is used to constrain the dust parameters. The observational error (σk ) is
the accounted for in the calculations as well.
m+1
X
Lkmod − Lkobs
χ =
σk2
k=1
2

2

(2.10)

We initialize a covariance matrix KXX, 0 , an adaptive step parameter λ0 = 5.66/n (where n is the
number of parameters), and an “ideal” accepted fraction of trials, α¯∗ = 0.267. We begin with
a set of parameters X0 (also used for a separate variable µ0 ) and calculate the χ2 value for those
parameters (χ20 ). To begin the adaptive MCMC procedure we randomly pull a new set of parameters
Xi from a multivariate normal distribution centered on the X0 , and with covariance matrix λ0 KXX, 0 .
We accept these new parameters with probability
P(accept) = e

2
χ2
i −χi+1
2

!

(2.11)

This ensures that any decrease to χ2 will always be accepted, while allowing for a chance of
accepting an increase to χ2 depending on the magnitude of the increase. When we accept a trial
we adopt the new parameter values Xi , otherwise we discard those parameters and continue with
the previous parameters. The adaptive parameter steps are calculated afterwards, regardless of
acceptance or not.
α = minimum{1, P(accept)}
ϵi =

1
i 0.4

log(λi+1 ) = log(λi ) + ϵi (α − α¯∗ )
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(2.12)
(2.13)
(2.14)

µi+1 = µi + ϵi (Xi+1 − µi )

(2.15)



KXX, i+1 = KXX, i + ϵi (Xi+1 − µi ) (Xi+1 − µi )T − KXX, i

(2.16)

This process continues, randomly pulling new parameters Xi+1 from the previously accepted parameters Xi and the adaptive covariance matrix λi KXX, i for as many steps as is required to reach
convergence of the MCMC algorithm. This helps ensure that if the algorithm is accepting trials at
a significantly different rate than desired (α − α¯∗ ̸= 0) then it will adjust the size of the multivariate
normal distrbution appropriately through λ (Equation 2.14). As the number of trials increases the
adaptive effect (ϵi ) will diminish as Equation 2.13 dampens changes to each adaptive parameter.
p
The condition for convergence is defined by each of the chains reaching stationarity ( R̂ ≈ 1),

as calculated through m blocks of n trials, with W signifying the within-block mean square and B
signifying the between-block mean square (Gelman et al., 1996).
p
R̂ =

s

n−1 m+1 B
−
n
mn W



df
df − 2

(2.17)

Through this adaptive MCMC method Lightning simultaneously fits for the SFH and dust parameters to find the best fit. While other analyses have studied the dust attenuation insights from
Lightning (Doore et al., 2021; Eufrasio et al., 2017), we will not focus on the parameters relevant to dust in this work, instead focusing solely on the recovered SFHs. Multiple studies have
found that stellar masses are the most robust parameter to be recovered from a typical SED fitting
procedure (e.g. Lee et al., 2009; Muzzin et al., 2009; Papovich et al., 2001; Shapley et al., 2001;
Wuyts et al., 2009). The use of these stellar masses will be explained in Chapter 3.
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2.5.2

Comparison to other SED fitting procedures

The Lightning-derived SFH of M51 has been compared with the results given by another
widely-used SED-fitting code, PCIGALE (Boquien et al., 2014; Burgarella et al., 2005; Noll et al.,
2009; Roehlly et al., 2014). PCIGALE also utilizes the PÉGASE stellar population synthesis code,
as well as a Calzetti et al. (2000) attenuation law, making it a very appropriate test for validation
of Lightning. In Eufrasio et al. (2017) the comparison is done on a pixel-by-pixel basis of
M51, breaking the galaxy into three parts: M51a (the central bulge), M51b (the secondary bulge),
and the outskirts, as defined in Mentuch Cooper et al. (2012). These regions have differing SFHs,
allowing for a thorough test of Lightning in one set of observations.
PCIGALE uses a burst SFH model, so we allowed for old stellar populations at 5, 8, and 13
Gyr, and younger stellar populations to be formed at 0.1, 0.2, 0.5, 1, and 2 Gyr. After doing so
we find that there is good agreement of the recovered SFHs between the two SED-fitting procedures, with PCIGALE returning stellar masses just 2.2% higher than Lightning on average. A
complete comparison is shown in Figure 2.8 with M51a shown in purple in the upper-left, M51b
shown in red in the upper-right, the outskirts shown in blue in the lower-left, and then the entire
galaxy shown in black in the lower-right. The solid lines show the recovered SFH from PCIGALE;
the direct burst SFH shown in the curved lines, and then the calculated averages across each of the
five age bins used in Lightning shown in the horizontal lines. Uncertainties are not shown for
PCIGALE as they would require too much computational power to estimate. The median values
from Lightning are displayed as dotted lines while the uncertainties are visualized with hashed
regions. We can see that the two models have good agreement in all age bins in all regions, except
for the youngest age bin in M51b. We believe that if PCIGALE had higher complexity for its SFH
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Figure 11. SFHs from Lightning compared to the ones derived from CIGALE. SFHs were derived for all 2043 pixels separately and
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2.5.3

SFH results

As mentioned earlier in Section 2.5.1, we will be using seven age-bins for the SFHs throughout
this work. The age-bins are fixed and displayed in Table 2.1 alongside each return mass fraction.
Because Lightning assumes a constant, average SFR within each age bin we must set certain
age bins to have a fixed value of zero star-formation. This occurs when the age of the Universe at
a particular redshift would not allow the upper age limit of a particular bin to exist. For z > 0.3
(z > 2) galaxies, where the age of the Universe was less than 10 Gyr (3.2 Gyr), the SFR across the
3.16–10 Gyr (1–3.16 Gyr) age bin was set to zero to ensure that no stars would be modeled that
could not possibly exist. We address this further in Chapter 3.
An example of what the complete result of Lightning does is displayed in Figures 2.10 and
2.11. In Figure 2.10 we show the data quality of a single z = 0.52 galaxy, J033236.39−275359.01,
as well as the best-fit modeled SED produced by Lightning. This is the complete synthesized
CSP accounting for dust attenuation and emission. The residuals are shown in the lower portion
of the figure, and a simple RGB image of the galaxy is displayed as well. Lightning provides a
well-fit model to describe this galaxy.
In Figure 2.11 we display the resulting SFH and 1σ uncertainties in terms of ψi and M⋆,i in
the seven age ranges. As mentioned before, the M⋆,i representation of the SFH is essential for this
work, as we aim to derive how the X-ray emission per unit stellar mass evolves as a function of
age. The SFR listed in the upper left is taken as an average over the last 100 Myr, and the stellar
mass listed as “M⋆ ” is the current total stellar mass. This also gives an example of the age-cutoff
effect, as this galaxy has a fixed value of ψ = 0 for the seventh age-bin. Lightning can be used
to efficiently recover the age-binned stellar masses for a large number of galaxies, which will be
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Figure 2.10: Top: SED fitting results for J033236.39−275359.01, a z = 0.52 galaxy in the
GOODS-South field. The blue filled circles and 1σ error bars represent observational data. The
black line shows the best-fit model SED from Lightning. The inset three-color, 16 square arcsec optical image shows J033236.39−275359.01 as viewed by HST (red=F850LP, green=F606W,
and blue=F435W). Bottom: Residuals to the SED fit, calculated as the data−model, in units of σ.
The dashed black line shows zero, for reference.
crucial to the following chapters of this work.

2.6

Summary

Starting from the foundations of simple stellar population synthesis, we have investigated how
each of the building blocks must be carefully selected.
1. Different IMFs have varying degrees of difference in their M⋆ /L ratios at different ages.
Choosing the right IMF is crucial for this study as stellar masses will be vital going forward.
2. The use of computational libraries for isochrones and stellar spectra significantly expands
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Figure 2.11: The resulting SFH from our SED fitting of J033236.39−275359.01 in Figure 2.10,
represented in terms of SFR as a function of time (top) and contributions to the current stellar-mass
as a function of population age (bottom). The SFR listed in the upper left is taken as an average
over the last 100 Myr. Shaded regions show 1σ-level uncertainties. The apparent rise in stellar
mass contributions with increasing population age is driven primarily by the sizes of the age bins
growing with increasing age. The 7th age bin (3.16–10 Gyr) is fixed at zero for this galaxy, due to
the age of the Universe being ≈8.3 Gyr at z = 0.52.
the parameter range available, but it is essential to routinely validate those theoretical models
with empirical observations.
3. Multiple SSPs can be synthesized with various models for SFH, such as declining, delayed,
burst, or age-binned. These different SSPs must each then have their spectra attenuated by
dust, decreasing the intensity in the UV–to–optical ranges and then re-emiting in the IR–
to–FIR. There are different techniques for handling this dust attenuation, which can vary
depending on the necessities of the SED fitting procedure.
4. Lightning has conducted SED fitting of FUV-to-FIR photometric data to constrain SFHs
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on a pixel-by-pixel basis when the resolution is available in a nearby galaxy (M51) or
for deep field galaxies individually. Our analyses indicate remarkable agreement between
Lightning and other methods for estimating the SFH and stellar mass of a stellar population. Lightning will be an essential building block in the analysis of the evolution of
X-ray binary populations as discussed in later chapters.
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3.1

Abstract

The Chandra Deep Field-South and North surveys (CDFs) provide unique windows into the cosmic history of X-ray emission from normal (non-active) galaxies. Scaling relations of normal
galaxy X-ray luminosity (LX ) with star formation rate (SFR) and stellar mass (M⋆ ) have been
used to show that the formation rates of low-mass and high-mass X-ray binaries (LMXBs and
HMXBs, respectively) evolve with redshift across z ≈ 0–2 following LHMXB /SFR ∝ (1 + z) and
LLMXB /M⋆ ∝ (1 + z)2−3 . However, these measurements alone do not directly reveal the physical
mechanisms behind the redshift evolution of X-ray binaries (XRBs). We derive star-formation histories for a sample of 344 normal galaxies in the CDFs, using spectral energy distribution (SED)
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fitting of FUV-to-FIR photometric data, and construct a self-consistent, age-dependent model of
the X-ray emission from the galaxies. Our model quantifies how X-ray emission from hot gas
and XRB populations vary as functions of host stellar-population age. We find that (1) the ratio
LX /M⋆ declines by a factor of ∼1000 from 0 to 10 Gyr and (2) the X-ray SED becomes harder
with increasing age, consistent with a scenario in which the hot gas contribution to the X-ray SED
declines quickly for ages above 10 Myr. When dividing our sample into subsets based on metallicity, we find some indication that LX /M⋆ is elevated for low-metallicity galaxies, consistent with
recent studies of X-ray scaling relations. However, additional statistical constraints are required to
quantify both the age and metallicity dependence of X-ray emission from star-forming galaxies.

3.2

Introduction

With the advent of deep extragalactic X-ray surveys with Chandra, such as the Chandra Deep
Fields (CDFs; Luo et al., 2017; Xue, 2017; Xue et al., 2016), it has become possible to perform
statistically meaningful studies of the X-ray emission from cosmologically distant (z ≈ 0.1–3) normal (non-active) galaxies. Detailed studies of normal galaxies in the local universe have shown
that hot gas and X-ray binary populations (XRBs) are responsible for the majority of the ≈0.3–
1 keV and ≈1–30 keV emission, respectively (see e.g., Garofali et al., 2020; Lehmer et al., 2015;
Mineo et al., 2012a,b). Due to the redshifting of rest-frame emission, combined with the Chandra
response peak at ≈1 keV, studies of cosmologically distant galaxies have provided important empirical insight into the evolution of XRB populations with cosmic time (see, e.g., Aird et al., 2016;
Basu-Zych et al., 2013a; Brandt and Hasinger, 2005; Fornasini et al., 2020, 2019; Lehmer et al.,
2016, 2005, 2008, 2007; Mineo et al., 2014; Nandra et al., 2005; Norman et al., 2004; Ptak et al.,
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2007).
It has been known for some time that the collective X-ray emission from populations of relatively young high-mass XRBs (HMXBs) and old low-mass XRBs (LMXBs) each scale with
star-formation rate (SFR) and stellar mass (M⋆ ) respectively; hereafter, the LX (HMXB)/SFR and
LX (LMXB)/M⋆ scaling relations (see, e.g., Fabbiano, 2006; Gilfanov et al., 2004; Grimm et al.,
2003; Lehmer et al., 2010; Lehmer et al., 2021; Lehmer et al., 2019; Mineo et al., 2012b; Ranalli
et al., 2003; Zhang et al., 2012). Using the Millenium II cosmological simulation with a
prescription for baryon evolution, along with the Startrack binary population synthesis code,
Fragos et al. (2013a) identified a set of population synthesis models consistent with the local XRB
scaling relations (Belczynski et al., 2008; Boylan-Kolchin et al., 2009; Guo et al., 2011). In the
process, these models predicted that the X-ray scaling relations should increase substantially with
redshift as a result of declining chemical abundances (metallicities) and stellar ages; two factors
that are expected to have a significant impact on XRB population emission. Stellar age, the main
focus of this paper, is expected to play a role as the average masses of donor stars in LMXBs decreases with age, leading to decreased X-ray luminosity (e.g. Fragos et al., 2013a,b; Lehmer et al.,
2014).
Lehmer et al. (2016) performed stacking analyses of galaxy populations in the CDFs and measured scaling relations over z ≈ 0–2, which could then be used to empirically test the Fragos et al.
(2013a) predictions. They found that the XRB scaling relations indeed appear to undergo substantial evolution, with best-fit relations LX (HMXB)/SFR ∝ (1 + z) and LX (LMXB)/M⋆ ∝ (1 + z)2−3
over this redshift range. Similar results were obtained by Aird et al. (2017) based on the CDFs
and Chandra COSMOS surveys. The empirical constraints on the redshift evolution of the scaling
relations were consistent with some of the Fragos et al. (2013a) models, indirectly supporting the
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conclusions that metallicity and stellar age are major factors impacting XRB scaling relations and
further constraining some of the model parameters in population synthesis studies.
More recently, attention has focused on more direct empirical tests of how physical properties,
like metallicity and star-formation history, impact the formation frequency of XRBs. For rel<
atively nearby (D ∼
50 Mpc) actively star-forming galaxies that have high specific-SFR (sSFR,

≡SFR/M⋆ ), investigations have shown that the number of bright HMXBs (e.g., ultraluminous
X-ray sources [ULXs]) and the HMXB power output per unit SFR (NULX /SFR and LX (HMXB)/SFR,
respectively) appear to increase at low metallicity (see, e.g., Basu-Zych et al., 2016, 2013b; Brorby
et al., 2014, 2016; Douna et al., 2015; Kovlakas et al., 2020; Lehmer et al., 2021; Mapelli et al.,
2010; Prestwich et al., 2013; Saxena et al., 2021), consistent with population synthesis predictions (e.g., Fragos et al., 2013a,b; Linden et al., 2010; Wiktorowicz et al., 2017, 2019). For a
subset of actively star-forming galaxies at z ≈ 0.1–2.6 in the CDFs and COSMOS fields that
have reliable metallicity estimates from spectroscopy, Fornasini et al. (2020, 2019) showed that
the LX (HMXB)/SFR versus metallicity relation for distant galaxies is consistent with that of local
galaxies. These works provide strong evidence that the observed redshift evolution of LX (HMXB)/SFR
is driven by metallicity evolution. The suggested mechanism for this evolution is that lowermetallicity stars have weaker stellar winds, resulting in lower mass-loss over their lifetimes. This
leads to more massive compact objects, which in turn leads to a higher quantity of XRBs, as well
as more luminous HMXBs per unit SFR.
Empirically constraining the age evolution of XRB populations over ≈10 Myr to ≈10 Gyr
timescales has been relatively challenging. Targeted observations of early-type galaxies with
stellar-population ages that span ≈3–12 Gyr (e.g., Kim and Fabbiano, 2010; Lehmer et al., 2014)
have provided tantalizing evidence for variations in the LX (LMXB)/M⋆ scaling relation, in line
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with those predicted by population synthesis models (however, see Lehmer et al., 2020). Also, recent investigations of XRB formation rates within subgalactic regions of nearby galaxies (e.g., the
Magellanic Clouds, M33, M51, NGC 3310, and NGC 2276) have revealed preferred timescales for
XRB formation consistent with basic theoretical expectations: HMXBs forming <100 Myr after an
initial star-formation event and rapidly declining after that, with LMXBs maintaining a much flatter power distribution out to Gyr timescales before breaking and declining (e.g., Anastasopoulou
et al., 2018; Antoniou and Zezas, 2016; Antoniou et al., 2019; Garofali et al., 2018; Lazzarini et al.,
2021; Lehmer et al., 2017). Nonetheless, a detailed framework for how XRB populations evolve
with age has yet to be rigorously tested.
In this chapter, we make use of the plethora of UV–to–far-IR data in the Great Observatories
Origins Deep Survey (GOODS; Giavalisco et al. 2004), in concert with the CDF X-ray data, to sensitively determine the star-formation histories (SFHs) and their correlation to the X-ray emissions
in normal galaxies. We build upon the statistical techniques developed by Lehmer et al. (2017),
and use detailed information about galaxy SFHs, along with Chandra constraints on galaxy X-ray
emission, to construct a self-consistent model for hot gas and XRB emission per unit mass as a
function of age.
In Section 3.3, we outline the galaxy sample selection process, and our efforts to eliminate possible active galactic nuclei (AGN). In Section 3.4, we discuss the process of fitting the UV-to-IR
spectral energy distributions of the galaxies in our sample to estimate SFHs. We present physical
and X-ray properties of the sample such as stellar mass, star-formation history, redshift, metallicity,
and X-ray counts. In Section 3.5, we introduce our models to directly constrain the age-dependence
of LX /M⋆ and the X-ray spectral shape. The statistical methods used are discussed and the results
from the parameter fitting are presented. In Section 3.6, we interpret and parameterize our results,
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test them for biases, and assess whether additional physical properties influence X-ray emission
from the galaxies.
Throughout this paper, we make use of the main point-source catalogs and data products for
the ≈2 Ms CDF-N and ≈7 Ms CDF-S as outlined in Xue et al. (2016) and Luo et al. (2017), respectively (see Brandt and Alexander, 2015 for a review on CDF surveys). The Galactic column
densities are 1.6 × 1020 cm−2 and 8.8 × 1019 cm−2 for the CDF-N and CDF-S, respectively (Stark
et al., 1992). All of the X-ray fluxes and luminosities quoted throughout this paper have been
corrected for Galactic absorption. Estimates of M⋆ , SFR, and SFH presented throughout this paper
were derived assuming a Kroupa (2001) initial mass function (IMF); when making comparisons
with other studies, we have adjusted all values to correspond to our adopted IMF. Cosmological
values of H0 = 70 km s−1 Mpc−1 , ΩM = 0.3, and ΩΛ = 0.7 are adopted throughout this paper.

3.3

Sample Selection

Given that the goal of this study is to examine how X-ray emission scales with galaxy properties,
it is essential that we construct a sample with properties that are well determined. We began by
constructing a sample of galaxies in the GOODS-North and South fields; hereafter, the GOODS-N
and GOODS-S, respectively. The extensive multiwavelength coverage in the GOODS fields allows
for high-quality constraints on galaxy SFHs through spectral energy distribution (SED) fitting from
the UV-to-IR (see Chapter 3.4.1 for details).
We chose to utilize the GOODS-N catalog from Barro et al. (2019) and GOODS-S catalog from
Guo et al. (2013), which contain 35,445 and 34,930 sources, respectively, for a total of 70,375 ini-
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tial objects1 . We restricted our sample to include only galaxies that had 6 or more detections at
wavelengths greater than or equal to 3.6 µm as to better constrain the dust emission SED (see
Chapter 3.4 for details). This restriction required detections in all Spitzer/IRAC bands and two
or more detections in any combination of the Spitzer/MIPS 24 µm and 70 µm, Herschel/PACS
100 µm and 160 µm, and Herschel/SPIRE 250 µm bands, none of which suffered from photometric blending effects significant enough to differentiate them from super-deblended catalogs, such
as Liu et al. (2018). Detections at 350 µm and 500 µm from SPIRE were ignored due to significant
potential blending issues (Doore et al., 2021).
We also required that galaxies in our sample have “good” spectroscopic redshifts (as defined
by having no warning flag in the data) which were compiled from numerous other studies and used
for source identification (Balestra et al., 2010; Barger et al., 2008; Cooper et al., 2012; Fadda et al.,
2010; Kriek et al., 2015; Mignoli et al., 2005; Popesso et al., 2009; Ravikumar et al., 2007; Reddy
et al., 2006; Szokoly et al., 2004; Teplitz et al., 2011; Vanzella et al., 2008; Wirth et al., 2004). With
good spectroscopic redshifts, we can confidently calculate distance measurements as accurately as
our cosmology allows, and assure that the errors calculating rest-frame quantities (e.g., SFHs and
X-ray luminosities) are minimal. The above requirements yielded a sample of 674 galaxies in the
GOODS-N and 430 galaxies in the GOODS-S, for a total of 1,104 galaxies.
We further applied AGN-related cuts to limit our sample to “normal” galaxies that have X-ray
emission dominated by hot gas and XRBs. To begin with, we adopted the X-ray source classifications provided by Xue et al. (2016) and Luo et al. (2017) for the CDF-N and CDF-S, respectively,
which make use of total LX , photon index (Γ), X-ray-to-optical/IR/radio flux ratio ( fX / fopt ), and
1
Retrieved from the Rainbow database:
public/

http://rainbowx.fis.ucm.es/Rainbow_navigator_
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optical broad emission-line features to characterize sources as AGN, galaxies, and foreground
stars. We also searched the Ding et al. (2018) catalog of variability-selected AGN in the CDF-S,
and found that all such AGN had already been removed by other sample selection criteria. The
AGN candidate sources were located using the maximum-likelihood optical counterpart coordinates from the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS;
Grogin et al., 2011; Koekemoer et al., 2011), which are provided in the Xue et al. (2016) and Luo
et al. (2017) catalogs. These CANDELS coordinates were also provided with the data used for
SED fitting, allowing for a straightforward matching procedure. A matching radius of 0.5 arcsec
was used across all sources, as the only difference between source locations came from rounding/precision differences. Any source classified as an AGN by the respective X-ray catalog, or
found within 10 arcsec of a source flagged as an AGN, was removed from the sample. This radius
was selected to robustly reduce as much as AGN contamination as possible. While these criteria
optimally divided X-ray sources into appropriate classifications, there are inevitably some sources
that are truly AGN that are classified as galaxies (and vice-versa) near the classification boundaries.
To more conservatively remove AGN from our sample, we subsequently adopted more stringent limits than those published and excluded sources with log( fX / fF850LP ) > −3 and a 2–7 keV
to 0.5–2 keV count rate ratio (hereafter, band ratio) BR > 0.6 (comparable to an effective powerlaw slope of Γeff ≤ 1.5) as potential AGN contaminants (compared with log( fX / fR ) > −1 and
Γeff ≤ 1 adopted by Luo et al., 2017; Xue et al., 2016). We expect that these stringent selection
criteria will result in the removal of mainly normal galaxies (particularly those with harder X-ray
emission); however, there are known AGN with properties in this range and we therefore flag such
sources as plausible AGN. These cuts specifically removed 36 galaxies in the CDF-S and 10 galaxies in the CDF-N. In Section 3.6.3, we show that this more conservative AGN selection does not
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have any material impact on our results. Additionally, we checked our sample for AGN with the
WISE-magnitude system optimized for completeness presented in Assef et al. (2018) and found
that none of our sources were flagged as AGN using the given criteria (W 1 − W 2 > 0.77). After
the above cuts were applied, we were left with 253 galaxies in the GOODS-N and 214 galaxies in
the GOODS-S, for a sample size of 467 galaxies.
The final cut applied to the sample was to limit the off-axis angle of galaxies. The Chandra
coordinates were used, limiting our sample to galaxies within 6 arcmin of the average aim point
of each field (Luo et al., 2017; Xue et al., 2016). This limit was applied to ensure that the sources
were located in the most sensitive regions of the CDFs where the Chandra point spread function
was small and well behaved. This resulted in 200 galaxies in the GOODS-N and 144 galaxies in
the GOODS-S, and thus, a total sample size of 344 galaxies. Throughout the remainder of this
paper we will be using this sample of 344 galaxies, and will be quoting results as we fit models to
this sample.

3.4

3.4.1

Sample Properties

Derivation of Physical Properties

To study how the X-ray emission from normal galaxies evolves with age, we began by estimating
the SFH of each galaxy using the SED-fitting code Lightning (Doore et al., 2021; Eufrasio
et al., 2017). As described in Chapter ?? Lightning models the overall UV-to-IR SED of a
given galaxy using SED contributions from stellar populations within distinct age bins, which are
evenly spaced in log space, (e.g. 0–10 Myr, 10–31.6 Myr, 31.6-100 Myr, 0.1–0.316 Gyr, 0.316–1
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Figure 3.1: The mean SFHs of galaxy subsamples, expressed in terms of star-formation rates, ψ
(top), and age-dependent contributions to stellar masses (bottom). The SFHs were created by fitting
the SEDs of all galaxies in subsamples broken up into redshift bins. The solid blue lines show 119
galaxies at z < 0.6. The solid orange lines show 123 galaxies in the range of 0.6 ≤ z < 1.0.
These redshift bins are only displayed here and not used for analysis throughout the paper, and
demonstrated to be unimportant to the model in Section 3.6.3. The solid green lines show 102
galaxies at z ≥ 1.0. The dashed gray line shows the SFH of M51 (Eufrasio et al., 2017), which was
studied by Lehmer et al. (2017) to constrain the age-evolution of XRB populations and is used as
a comparison in this study. The dotted gray line shows the model for the average SFR density of
the Universe (Madau and Fragos, 2017) with an arbitrary normalization applied such that the mass
and SFR of the 1−3.16 Gyr population is comparable to those in this study.
Gyr, 1–3.16 Gyr, and 3.16–10 Gyr for this study, and includes dust attenuation and emission prescriptions that are tied together via energy balance. While not included in this study, we did test
processes using 5 and 10 age-bins, and found that the results are largely insensitive to the number
of age-bins.
Since our sample spans a significant range of redshifts (z = 0–3.5), the inclusion of the two oldest age bins for a given galaxy depends on the age of the Universe at that galaxy’s redshift. When
fitting the SED of a given galaxy, we required that all age bins have upper age bounds less than the
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age of the Universe for inclusion in our SED modeling. For z > 0.3 (z > 2) galaxies, where the age
of the Universe was less than 10 Gyr (3.2 Gyr), the SFR across the 3.16–10 Gyr (1–3.16 Gyr) age
bin was set to zero. We chose to set these age bins to zero to prevent the SED model from including
stars of ages older than the Universe. In practice, there will be some emission from stars in these
old age bins, and our modeling procedure forces this emission to be attributed to stars in younger
bins, potentially elevating the stellar mass associated with the young population. However, our fits
to the SEDs are already good in a statistical sense (via null-hypothesis probabilities) without the
inclusion of these old populations, suggesting that the impact of this choice on the stellar masses
of the younger populations that are modeled are minimal, and below the level of the uncertainties.
Using our chosen SFH age bins, attenuation curve, and dust–emission model; we fit the SED of
each galaxy assuming flat priors on all free parameters. To test the quality of the resulting fits, we
performed a χ2 goodness-of-fit test on each galaxy, which indicates acceptable fits with no excessive over- or under-fitting. Therefore, our resulting SFH estimates and corresponding uncertainties
for these galaxies are statistically sound.
Using our SFHs, we calculated the rest-frame SFR and M⋆ for our galaxies. In Table 3.1, we
list the derived properties of the galaxies in our sample, including median ψi values and 16–84%
confidence intervals. The mean values of ψi and M⋆,i versus t are shown in Figure 3.1 for three
subsamples covering similar redshift ranges. For comparison, we show the SFH for M51 (Eufrasio
et al., 2017; Lehmer et al., 2017) and the global SFR density evolution of the Universe (Madau and
Dickinson, 2014, Madau and Fragos, 2017). The SFH for M51 was derived using similar methods
to those adopted in this paper, while the global SFH was created using the average SFR density of
the Universe normalized to an arbitrary volume to have a similar mass in the oldest age bin to the
sample of galaxies in the GOODS fields used throughout this study.
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Figure 3.1 shows that, on average, each redshift bin has an elevated SFH compared to the globally averaged SFH of the Universe. It is important to note that tage of the Universe in Figure 3.1
is the cosmic look-back time taken from z = 0, while each group of galaxies has tage as measured
from their rest-frame at z > 0. Thus, a value of tage = 0 for a galaxy at z ≈ 1, occurs at a cosmic
look-back time of ≈7.7 Gyr and will have a peak SFR offset from that of the Universe. The relatively high SFR values for young populations with ages <1 Gyr compared to the older populations
is a reflection of our sample being selected for their active star-formation.
The properties of the sample are further illustrated in Figure 3.2. On the left we compare our
sample SFR and M⋆ values to the galaxy main sequence at various redshifts (Whitaker et al., 2014).
Although our sample includes a minority of galaxies that fall below the redshift-dependent main
sequence, it is clear that the bulk of the sample is near it, or possibly at a slightly elevated SFR.
In the right panel, the redshift distribution is shown as it relates to the SFR and M⋆ distributions
separately.
<
<
The sample has a notable dearth of galaxies with SFR ∼
1 M⊙ yr−1 and M⋆ ∼
109 M⊙ , which

is a selection effect due to our criteria for sample selection. In particular, only luminous and massive galaxies meet the requirements of having IR detections in six or more bands and high-quality
spectroscopic redshifts available. As such, our results are applicable to galaxies above these cutoffs
for SFR and M⋆ , and may not describe well low-mass galaxies or passive elliptical galaxies with
low-SFR. Such excluded galaxies may yield different X-ray emission properties to those studied
here, as they span broader ranges of metallicity (e.g., low-mass galaxies) and can have hot gas
emission associated with deep gravitational potential wells and rich globular cluster LMXB populations (e.g., ellipticals).
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Figure 3.2: Top: SFR versus stellar mass (M⋆ ) for our final sample of 344 galaxies. The four
overlaid curves indicate the locations of the galaxy main-sequence for various redshifts that span
our sample: z ∼ 0, z ∼ 0.5, z ∼ 1.0, and z ∼ 2.0 in the dot-dashed, dotted, dashed, and solid lines,
respectively (Whitaker et al., 2014). The data points and main-sequence curves have been colored
by redshift for comparison (see color bar). The blue circled points indicate galaxies that were
detected in the X-ray (see Section 3.4.2). Bottom: SFR and stellar mass (M⋆ ) versus redshift for
our final sample. Similar to the left, the blue circled points are galaxies that were detected in the
X-ray (see Section 3.4.2), which tend to be relatively nearby and of high SFR and M⋆ .
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0.74
0.68
0.23
0.34
0.2
0.58
0.54
0.55
0.23
0.67
0.21
0.68
0.74
0.84
2.0
0.67
0.9
0.68
1.0
1.1

(1)

J033221.43−274901.86

J033219.26−274856.17

J033247.98−274855.68

J033241.08−274852.97

J033205.96−274845.83

J033224.61−274851.52

J033232.23−274845.45

J033230.55−274836.44

J033253.25−274833.50

J033228.48−274826.56

J033234.52−274848.50

J033253.09−274822.15

J033251.52−274758.05

J033208.20−274752.11

J033240.06−274755.45

J033243.26−274756.14

J033205.48−274746.90

J033215.90−274750.05

J033242.29−274746.09

J033237.62−274744.07

9.6 ± 5.0

30.35 ± 9.69

4.8 ± 2.54

21.39 ± 3.26

4.57 ± 2.49

323.64 ± 47.08

30.85 ± 6.9

1.98 ± 1.33

5.34 ± 2.88

0.68 ± 0.42

21.68 ± 2.6

1.64 ± 0.23

0.29 ± 0.2

2.29 ± 1.19

6.54 ± 3.47

0.38 ± 0.14

0.46 ± 0.3

0.77 ± 0.33

23.47 ± 13.38

32.53 ± 20.48

15.24 ± 8.62

5.37 ± 4.05

9.96 ± 6.42

250.12 ± 131.63

12.3 ± 8.13

4.4 ± 3.19

9.27 ± 6.34

2.09 ± 1.31

2.69 ± 2.05

0.55 ± 0.39

0.71 ± 0.49

4.95 ± 3.5

22.49 ± 12.82

0.52 ± 0.35

2.7 ± 1.63

1.4 ± 0.94

7.07 ± 4.54

4.84 ± 3.39

7.15 ± 2.17
1.65 ± 1.11

(4)

10–31.6 Myr

(3)

0–10 Myr

58.04 ± 30.77

91.08 ± 48.55

21.97 ± 12.87

16.76 ± 10.22

24.19 ± 14.29

338.31 ± 133.86

48.04 ± 33.62

8.58 ± 5.9

24.26 ± 15.25

3.24 ± 1.92

11.37 ± 8.33

0.98 ± 0.65

1.44 ± 0.94

9.89 ± 6.28

50.56 ± 25.8

0.82 ± 0.52

4.08 ± 2.55

2.01 ± 1.33

14.44 ± 8.69

13.13 ± 8.51

(5)

31.6–100 Myr

41.48 ± 19.48

42.83 ± 23.66

12.87 ± 7.23

12.45 ± 6.37

41.98 ± 23.48

71.21 ± 49.4

67.45 ± 24.9

32.43 ± 17.14

54.55 ± 21.56

4.73 ± 2.91

28.49 ± 11.34

1.19 ± 0.65

1.95 ± 1.17

16.08 ± 7.89

23.66 ± 12.41

0.48 ± 0.29

7.41 ± 3.69

1.22 ± 0.82

17.39 ± 8.09

15.33 ± 6.29

(6)

0.1–0.316 Gyr

13.21 ± 7.89

22.97 ± 13.84

5.3 ± 3.29

4.74 ± 3.15

46.02 ± 14.53

30.76 ± 22.54

20.43 ± 12.5

65.19 ± 10.47

21.59 ± 11.03

7.73 ± 3.63

13.31 ± 7.15

0.64 ± 0.34

1.89 ± 0.74

9.25 ± 4.53

8.34 ± 5.34

0.2 ± 0.13

2.97 ± 2.1

1.48 ± 0.64

6.46 ± 3.83

4.95 ± 3.05

(7)

0.316–1 Gyr

4.57 ± 3.15

5.57 ± 3.72

2.65 ± 1.67

0.96 ± 0.72

5.42 ± 3.72

-

2.12 ± 1.52

4.74 ± 3.25

3.48 ± 2.35

5.45 ± 2.71

0.88 ± 0.66

0.12 ± 0.08

0.43 ± 0.26

1.82 ± 1.13

3.5 ± 2.34

0.15 ± 0.09

8.22 ± 1.42

0.4 ± 0.27

3.4 ± 1.82

0.82 ± 0.59

(8)

1–3.16 Gyr

-

-

-

-

-

-

-

-

-

3.06 ± 1.58

-

0.09 ± 0.06

-

-

-

0.09 ± 0.06

-

0.21 ± 0.15

-

-

(9)

3.16–10 Gyr

Table 3.1: Physical properties of our sample. The full version of this table is available electronically and lists the full 344 galaxies and
20 columns. The SFH is displayed as the SFR in each of the seven age-bins in columns 3-9. Galaxies that do not have any star formation
in an age-bin due to redshift constraints on age have a dash to represent this lack of contributing stellar mass. Additional columns in
the electronic version of the table include: 0.5–8 keV luminosity for X-ray detected galaxies in column 10, SFR [M⊙ yr−1 ] (as defined
in Section 3.4.1) in column 11, total current stellar mass (M⋆ ) in column 12 [M⊙ ]. Columns 13-16 provide observed source counts,
background, count estimates, aperture corrections, and exposure times, respectively, for SB1, and columns 17-20 provide the equivalent
information for SB2.

z

Source Name (J2000.0)

ψ [M⊙ yr−1 ]

3.4.2

X-ray properties of the sample

After selecting our normal-galaxy sample from the X-ray source catalogs of Xue et al. (2016)
and Luo et al. (2017), we found 10 (∼ 4%) and 37 (∼20%) of the galaxies in our sample were
X-ray detected in the CDF-N and CDF-S, respectively (see Section 3.3 for matching procedures).
The X-ray detected galaxies in the CDF-N had rest-frame 2–10 keV luminosities in the range of
4.1 × 1039 erg s−1 to 1.1 × 1042 erg s−1 , while in the CDF-S, the galaxy luminosities ranged from
6.0 × 1039 erg s−1 to 2.5 × 1042 erg s−1 . The physical properties of these X-ray detected galaxies
are also known, as derived from the SED fitting procedures outlined in Section 3.4.1. These X-ray
detected galaxies are highlighted with blue circles in Figure 3.2. The stellar masses span the range
of 109.3 –1011.1 M⊙ and the SFRs span 0.2–420 M⊙ yr−1 . For a given redshift, the X-ray detected
galaxies tend to be the most massive and highest-SFR galaxies in the sample.
In Figure 3.3, we show the 2–10 keV luminosity per unit SFR (LX /SFR) versus sSFR for
the 47 X-ray detected galaxies in our sample, accounting for uncertainties in LX , SFR, and M⋆ .
For comparison, we overlaid the LX /SFR vs sSFR scaling relations from Lehmer et al. (2021);
Lehmer et al. (2019). Lehmer et al. (2019) provides a scaling relation for αLMXB (LX [LMXB]/M⋆ )
in late-type galaxies, and Lehmer et al. (2021) provides a metallicity-dependent scaling of βHMXB
(LX [HMXB]/SFR). Figure 3.3 shows the predicted relations based on the single αLMXB value and
βHMXB at two different metallicities (Z ∼ 0.13 and 1 Z⊙ ). The single αLMXB value determines the
slope of the line as it enters from the left, while each of the βHMXB values set the baseline for each
line. The galaxies in the CDFs are expected to have somewhat lower metallicities than typical
galaxies in the local universe, due to less chemical enrichment having taken place at higher redshifts. In order to verify this we estimate the metallicities using the fundamental metallicity relation
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Figure 3.3: Logarithm of the 2–10 keV luminosity per SFR (log LX /SFR) versus specific SFR
(sSFR) for X-ray detected sources in our sample. The X-ray detected sources (circles with 1σ
error bars) are compared to local scaling relations, including the LX /M⋆ relation for LMXBs from
Lehmer et al. (2019) and the metallicity-dependent LX /SFR relation for HMXBs from Lehmer
et al. (2021). Two different relationships are shown corresponding to metallicity values of 0.13
Z⊙ (dashed) and Z⊙ (solid). The detected galaxies largely fall in between the Z⊙ and 0.13 Z⊙
metallicities, which is consistent with the expected metallicity of galaxies in the CDFs.
(Equation 2 from Mannucci et al., 2010). Mannucci metalicity values are translated to solar units
using consistent methodology to previous comparison studies to avoid introducing large systematic
errors (Kewley and Ellison, 2008). The resulting metallicities have a range of 0.40–1.16 Z⊙ with
a mean of 0.68 Z⊙ . While this does not reach levels of 0.13 Z⊙ as shown in Figure 3.3, these do
reflect the expected lower metallicity values, resulting in elevated scaling relations.
The majority of the galaxies in our sample (297 of 344; ∼86%) are undetected in the CDFs.
To incorporate the X-ray constraints from these galaxies, we extracted the X-ray counts centered
on the optical positions of all galaxies in our sample. In this process, we extracted counts from
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Figure 3.4: The source, average background, and model counts for galaxy subsets in this study
shown in points, light dashed lines, and dark solid lines respectively. Blue (red) filled circles and
lines represent results from the CDF-S (CDF-N). The top and bottom panels show SB1 (0.5–1 keV)
and SB2 (1–2 keV) results, respectively. Galaxies were grouped into subsets based on redshift to
clearly show the entire data set without overcrowding. Each displayed data point represents the
mean number of counts per source (and 1σ error) in the subset, which have redshift selection bins
indicated by horizontal error bars. The displayed model gives the bin-by-bin predicted counts from
our fully independent model described in Sections 3.5.1 and 3.6.1.
each galaxy using either a 2.5 arcsec or 1.5 arcsec radius circular aperture, depending on whether
the source was at z < 0.7 or z ≥ 0.7, respectively. These apertures encircle rest-frame radii of ∼10
kpc for all galaxies in our sample, a size that was adopted to both ensure extraction of the majority
of the emission from the galaxies while maintaining high signal-to-noise ratio for the galaxies.
Background count contributions to the extraction regions were estimated using background and
exposure maps from Xue et al. (2016) and Luo et al. (2017). Here, background counts and cumulative exposure-map values were first extracted from the maps using relatively large, 25 arcsec
radii apertures centered on the sources to obtain well-constrained estimates of the local background

71

rates (counts per second per pixel). We expect that local background measurements are good measurements of the mean of the local Poisson distributions. Then, for a given source, the background
rate was re-scaled to the cumulative exposure-map values obtained from within the source aperture
to estimate model background-count contributions to the galaxy count extractions.
We chose to extract X-ray counts (using the above procedure) using two X-ray bands: the
0.5–1 keV (SB1) and 1–2 keV (SB2) bands. These bands were selected to optimize Chandra’s
response and sensitivity to components dominating normal-galaxy X-ray emission (hot gas and
XRBs). The use of multiple bands allows for constraints on spectral shape, which is sensitive to
the ratio of XRB and hot gas emission (see Section 3.5.1 and Figure 3.5). We chose to exclude
the 2–8 keV (HB) bandpass from our analyses, since the stacked HB emission from similar galaxy
samples has been shown to have non-negligible signatures from heavily-obscured and Comptonthick AGN (e.g., Xue et al., 2012). The SB emission can be sensitive to weaker AGN when using
stacking procedures, however using this method (along with the conservative sample selection process outlined in Section 3.3) we do not expect weak AGN contamination to significantly affect our
results.
For illustrative purposes, we created Figure 3.4, which shows the raw extracted SB1 and SB2
source counts for galaxy subsamples in the CDF-N and CDF-S, including both X-ray detected and
non-X-ray detected sources. The galaxy subsamples were constructed by grouping sources in bins
of redshift; the data points indicate mean counts per galaxy for each grouping. For comparison, the
mean background levels for the full CDF-N and CDF-S samples are shown as horizontal dashed
lines. From Figure 3.4, it is apparent that the X-ray counts from galaxy populations across the full
redshift range provide some signal above the nominal background level. The exception is that of
>
the SB1 constraints for galaxy populations at z ∼
1–2, where the constraints are largely consistent
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with the background level. We note here that the grouping of subsamples is for illustrative purposes only, and these groupings are not used in the analysis throughout this paper. In Section 3.5,
we utilize raw constraints for galaxies on an individual basis, in the form of extracted SB1 and
SB2 counts at the source positions, along with the SFH information obtained in Section 3.4.1 to
construct a self-consistent model for how the X-ray SED from galaxies evolves as a function of
age.

3.5

3.5.1

Modeling Techniques

Model Construction

To self-consistently model the X-ray counts from our full galaxy sample, we made use of a forward
modeling approach that incorporates both local estimates of the background and a SFH-dependent
model of the X-ray emission from galaxies. For a given bandpass with energy boundaries E1 –E2 ,
the observed counts from each source, SEobs
, can be modeled as follows:
1 −E2
SEmodel
=
1 −E2

ΦE1 −E2 × tE1 −E2
+ BE1 −E2 ,
ξE1 −E2

(3.1)

where ΦE1 −E2 is the model count-rate for the source, which will depend on both physical properties, including galaxy redshift, SFH, and SED shape (see below for details), and the instrumental response, as per the energy-dependent auxiliary response file (ARF). tE1 −E2 is the vignettingcorrected exposure time at the location of the galaxy, ξE1 −E2 is the aperture correction, which adjusts
the total model count-rate to the count rate expected within the extraction aperture (typically just
above 1 for our sample), and BE1 −E2 is the local background estimate (see Section 3.4.2).
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The model count rate for a given bandpass can be calculated as follows:
ΦE1 −E2 = kE1 −E2 FE1 −E2

kE −E
= 1 22
4πdL

Z

E2 (1+z)

ℓ(E ′ ) dE ′ ,

(3.2)

E1 (1+z)

where kE1 −E2 is a conversion factor that converts flux to count-rate (counts s−1 ), given an X-ray
SED shape, FE1 −E2 is the bandpass integrated flux (ergs cm−2 s−1 , dL is the luminosity distance
(cm), and ℓ(E ′ ) is the rest-frame X-ray SED model, in units of ergs s keV−1 (see below). Since our
goal is to obtain a model of the rest-frame X-ray SED shape, kE1 −E2 is model dependent, and can
be calculated as
kE1 −E2 = R E2

R E2
E1

(1 + z) ℓ [E(1 + z)] dE

(1 + z) ℓ [E(1 + z)] ARF(E)/E dE
E1

,

(3.3)

where ARF(E) is the energy-dependent effective area curve appropriate for the central regions
of each of the CDF fields. The off-axis variation of the ARF is accounted for in the vignettingcorrected exposure time.
Our intrinsic SFH–and–SED-dependent model, ℓ(E), is modeled for a given source as the linear
combination of contributions to the overall source spectrum from each of the seven SFH age bins
(see Section 3.4.1). For the ith age bin, the contributing X-ray SED is modeled as:


γi M⋆,i fgas,i (E) + fXRB,i (E)
ℓi (E) = R 10 keV
 ,
f
[E]
+
f
[E]
dE
gas,i
XRB,i
2 keV

(3.4)

where γi is a free parameter that is equivalent to the 2–10 keV luminosity per unit stellar mass,
LX /M⋆ , contribution associated with the stellar population in the ith age bin, and M⋆,i is the contribution to the total stellar mass of the galaxy from the ith age bin (see lower-right panel of Fig. ??
for an example of the seven values of M⋆,i for a galaxy). The X-ray SED shape in the ith bin is
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modeled by the arbitrarily normalized fgas,i and fXRB,i terms, which consist of fixed SED shapes
that are characteristic of hot gas and XRBs, respectively, in the local universe. Specifically, we
used an xspec parameterization of the average SED shapes for hot gas and XRBs, as determined
for spatially-resolved X-ray studies of M83, NGC 253, NGC 3256, and NGC 3310 using the combination of Chandra or XMM-Newton and NuSTAR data across the 0.3–30 keV spectral range (see
Lehmer et al., 2015; Wik et al., 2014; Yukita et al., 2016). We approximated the average hot gas
SED shape as an absorbed (NH,gas = 5.5 × 1021 cm−2 ) single-temperature thermal plasma (apec)
with kT = 0.2 keV, and the XRB spectrum was modeled as an absorbed (NH,XRB = 3 × 1021 cm−2 )
broken power-law (bknpow) with Γ1 = 1.8, Ebreak = 5 keV, and Γ2 = 2.6.
Although the SED shapes fgas,i and fXRB,i are fixed, the relative contribution of XRBs to the
total X-ray luminosity is modeled as a single free parameter (per age bin) as:
ωi ≡ R 8 keV

R 8 keV

0.5 keV

f
(E)
0.5 keV XRB,i

dE

.

fgas,i [E] + fXRB,i [E] dE

(3.5)

In Figure 3.5, we show how the value of ω impacts the shape of the model X-ray SED. The value
of ω is bound between 0 and 1 as required by the definition, although any value < 0.5 implies that
the hot gas component is more luminous than the XRB population. Additionally, it is important to
recall that the total spectrum is normalized in the 2–10 keV band via γ. Our choice to define ω in
terms of the 0.5–8 keV band, instead of the 2–10 keV band (as used for γ), was motivated by the
fact that the hot gas emission drops off precipitously above ≈1.5 keV leaving the XRB emission
dominant at higher energies by several orders of magnitude.
To summarize, our overall model consists of the free parameters γi and ωi , which specify the
normalization and spectral shape, respectively, at each of the seven age bins. To constrain these
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Figure 3.5: Top: A decomposition of the spectral model used in this study, showing the hot gas and
XRB model components as dotted and dashed lines respectively, with the total model spectrum
shown as a solid line. The displayed spectrum demonstrates the spectral shape of ω = 0.8, similar
to the value found for the semi-independent model in Section 3.5.2. Bottom: The variation of
model SED shape as a function of ω (the fraction of the total 0.5–8 keV luminosity from the XRB
−1
model component). These spectra adopt a fixed value of γ = 1030 erg s−1 M⊙
, the 2–10 keV
luminosity per stellar mass, and therefore primarily show variations in the hot gas contribution. In
both top and bottom panels, the blue and orange shaded regions show the SB1 and SB2 rest-frame
energy ranges for z = 0.76, the median redshift of our sample.
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parameters, we made use of the aperture-extracted counts for all sources in both SB1 and SB2
bandpasses (Col. 13 and 17 in Table 3.1), along with the count predictions from our model, using
the free parameters and the SED-derived masses (see Eqn. (4)); we describe our statistical analyses
in the next section. We explore two model scenarios: (1) a fully independent model in which all
values of γi (or LX /M⋆ for the ith age bin) and ωi (spectral shape) were treated as independent
fitting parameters (14 total parameters); and (2) a semi-independent model where we fit for seven
values of γi , but identify a single best spectral shape where ωi = ωbest applied to all age bins (8 total
parameters).

3.5.2

Model Fitting and Parameter Estimation

All statistical calculations were performed using total observed counts SEobs
at each source loca1 −E2
tion, for both the SB1 and SB2 bands, and the corresponding model counts, SEmodel
, as calculated
1 −E2
following Eqn. (1)–(5). This approach allows us to simultaneously use the statistics of each and
every source, and differs from conventional stacking approaches (e.g., Basu-Zych et al., 2013b;
Fornasini et al., 2020, 2019; Lehmer et al., 2016), which effectively reduce the available degrees
of freedom by considering a single "stacked" count-rate for a galaxy sample.
To fit model parameters and sample the posterior distribution function, we made use of the C
statistic (e.g., Cash, 1979; Kaastra, 2017), which is calculated as
C=2

n X
2
X
j=1 k=1

obs
obs
model
Smodel
− Sobs
j,k
j,k + S j,k ln(S j,k /S j,k ).

(3.6)

Here, the indices j and k correspond to the n galaxies and two bandpasses (i.e., k = 1 and 2 respectively represent SB1 and SB2 bands), respectively. As such, the summations contain a total of 688
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Figure 3.6: The expected C statistic distributions for our fully independent and semi-independent
model fits (blue and orange, respectively; see Section 3.5.1). These distributions were created
using 200 simulated data sets drawn from the best-fit model (see Section 3.5.2). The points and
downward-pointing arrows show the location of the values of C found for each model fit to the
actual data. The numerical values of C and null-hypothesis probabilities are provided in Table 3.2.
independent terms (i.e. n = 344 galaxies and two bands).
For a given model scenario, we identified best-fit parameters by minimizing C in Eqn. (6), and
we sampled their posterior distributions using a Monte Carlo (MC) approach. In our procedure, we
used the dual annealing optimization method (Xiang et al., 1997) provided in the Python-based
SciPy package2 to find the minimum C for a given model. We define the “best-fit” solution as
the set of parameter values that minimize C when adopting the best-fit age-dependent masses from
our SED fitting results described in Section 3.4.1.
To sample the posterior distribution for our model parameter sets, we repeated the dual anneal2

https://www.scipy.org/
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ing optimization for perturbed values of the age-binned masses and X-ray counts. The age-binned
masses were perturbed by pulling values of M⋆,i in accordance with their posterior distributions
(see Section 3.4.1). The X-ray count distributions were perturbed assuming that they follow Poisson distributions with mean values equal to the measured counts, signal plus background, for each
source. We repeated the process of pulling perturbed sets of age-binned masses and counts for our
sample 1000 times and determined optimized parameter sets for each perturbed set using the dual
annealing method. The list of resulting parameters provides a sampling of the posterior distribution, and the list of a given parameter provides a distribution of its 1D marginalized distribution
function; we used these distributions to calculate confidence intervals for the parameters.
To test whether a given best-fit model was statistically acceptable (i.e., calculate a "goodness of
fit" to determine whether the data were consistent with the null hypothesis), we performed simulations, where simulated data and distributions of C were generated from the best-fit model, and then
refit to determine expected values of C. For a given simulation, we (1) chose values of M⋆,i from the
SED-fitting-based posteriors from Lightning; (2) used our best-fit model with the selected M⋆,i
values to estimate model X-ray luminosities for each of the galaxies; (3) perturbed those luminosities to simulate scatter in the relations, following the SFR and M⋆ dependent scatter values given
in Section 5.3 of Lehmer et al. (2019); (4) converted these perturbed luminosities into predicted
source counts following equations (1)–(4) using our best-fit model parameters; (5) perturbed the
predicted source counts (assuming Poisson distributions) to obtain simulated counts; and finally,
(6) re-fit our model to the simulated counts to identify the minimum C for the simulation. This
procedure was repeated 200 times for each model, providing a distribution of expected values of C
and a means for comparing the minimum C value obtained from our data with that expected from
the best-fit model.
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The distributions of the C statistic for our fully independent and semi-independent models are
shown, along with the values of the minimum C obtained for the models, in Figure 3.6. The Pnull
value (probability that the data are consistent with being drawn from the model) is calculated as the
number of the simulated trials that resulted in a C value greater than that obtained for our best-fit
model, N(C > Cmin ), divided by the total number of simulated trials (i.e., Ntotal = 200):
Pnull =

N(C > Cmin )
Ntotal

(3.7)

We consider Pnull value less than 0.01 (or greater than 0.99) as unacceptable in terms of the data
being consistent with the model. We find that both models are acceptable (Pnull > 0.01), with the
fully independent model having a somewhat higher (but not significantly higher) value of Pnull
than the semi-independent model. Both models producing low values for Pnull indicates that this
model does simplify the relation between age and these parameters (γ and ω), but it is not an over
simplification to the point of statistical significance.
In Table 3.2, we summarize the results of both model fits, including parameter estimations and
statistical evaluations of our models (C and Pnull ). In Figure 3.4, we overlay semi-independent
model-predicted raw numbers of counts as a function of redshift in both bandpasses (i.e., SB1
and SB2) and both survey fields (CDF-N and CDF-S). The lack of any obvious outliers in this
representation indicates that our model provides a reasonable description of the galaxy counts in
both bandpasses, for sources in both observational fields and across the full redshift range of our
sample. In the lower portion of Table 3.2 we show the total Cmin as well as the contributions from
SB1 and SB2 separately, followed by the contributions from the CDF-S and CDF-N. The models
do not appear to significantly favor any one split over the other in any way. In Section 3.6.3, we fit
the CDF-S and CDF-N separately, and further assess the consistency between results.
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Figure 3.7: Marginalized probability distributions for the 8-parameters in our semi-independent
model. 1D distributions are shown along the diagonal and 2D distributions are shown below the
diagonal. In the 1D plots, the vertical dashed black lines indicate 16–84% confidence ranges;
we also provide annotations listing the median and 16–84% confidence ranges of the parameters
(above each plot) and the age bins associated with each of the γ parameters (upper-right corner of
each plot). The plots below the diagonal show the 2D marginalized distributions, and use contours
and shading to show probability density. The red points on the 2D plots, and red dotted lines on
the 1D plots, show the single best-fit values, as defined by the minimum C value when using ideal
masses and counts. Each of the parameters are shown in linear space, and for clarity, γ values
are normalized to appropriate scales, as indicated in the axis labels and annotations. All values of
−1
γ (LX /M⋆ ) are provided in units of erg s−1 M⊙
.
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0.045
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0.080

(CDF-S, CDF-N)

Table 3.2: Parameter distributions and C statistics for the two models. The leftmost column in the upper portion shows the age ranges
for each of the seven age bins, with the following four columns showing the γi and ωi values for the two models. The semi-independent
model uses the same ω value for all seven age bins. Two values are displayed in each of the columns: the best-fit value and the median
with 16–84% confidence ranges. The best-fit values show the values when using the ideal masses and counts (which result in the C values
in the lower portion of the table), while the median and confidence ranges come from the 1D marginalized distributions created from
the MC method (see section 3.5.2). In the lower portion, the calculated minimum Cmin is listed for each model and the Pnull . The Cmin is
displayed as a total first, and then broken down into contributions from SB1 and SB2 on the following lines, and then contributions from
CDF-S and CDF-N in the third line. The Pnull value is calculated by simulating fake data sets around the model and then refitting those
data sets (see Section 3.5.2), reflecting the probability of the model properly fitting the data.
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29.42 (29.65+0.26
−0.39 )
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ω
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⊙ ])

semi-independent model

(SB1, SB2)

Cmin

Bin Number

Age Range

fully independent model

In Table 3.2, we also list the resulting fit parameters, γ and ω, starting with their best-fit values
(as defined above), followed by their medians and 16–84% confidence ranges, which were derived
from our MC 1D marginalized parameter distributions. Values of the C statistic are shown for the
best-fit models.
For illustrative purposes, we created Figure 3.7, which shows the 1D and 2D marginalized
distributions for the semi-independent model. It is clear that some of the parameters are correlated
(e.g., γ1 versus γ2 ), and others show distributions consistent with being upper limits (e.g., γ2 , γ5 ,
and γ6 ). Nonetheless, the full solution is informative, in terms of constraining the age-dependent
evolution of X-ray emission.
In the left panels of Figure 3.8, we graphically show our resulting age-dependence of γ and ω
for both the fully independent and semi-independent models, and in the right panel of Figure 3.8,
we display the resulting stellar-mass normalized SED at all seven age bins for the fully independent
model. Despite the allowed evolution of spectral shape for the fully independent model, both
models provide very similar predictions of γ as a function of age, showing a marked decline of ≈3
orders of magnitude from 10 Myr to 10 Gyr. The fully independent model fit prefers evolution of ω
with stellar age, such that the X-ray SED transitions from requiring a significant hot gas component
for the youngest age bin to preferring a more XRB dominant SED for all subsequent age bins. This
results in a hardening of the X-ray SED as stellar age increases. In the next section, we provide
physical interpretation of these results and discuss them in the context of previous studies.
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Figure 3.8: Upper: The age-evolution of γi in the 2–10 keV band. The horizontal error bars show
the width of each age-bin, while the vertical error bars indicate the 16−84% confidence ranges
shown in Table 3.2. The blue diamonds of the fully independent model are slightly enlarged for
visibility as they largely overlap with the orange points of the semi-independent model. The results
from this study are compared to the theoretical results from Fragos et al. (2013a) (shown as a gray
dashed line) and a similar study performed on M51 in Lehmer et al. (2017) (shown in green points).
Lower: The age-evolution of ω for each of the two models, using the same colors as above. The
horizontal and vertical error bars represent the same quantities as above as well.
3.6

3.6.1

Discussion

The Stellar-Age Dependence of X-ray Emission

As demonstrated in the previous section, our modeling procedure provides acceptable fits for both
our fully independent and semi-independent models. Both models result in similar declines in γ
(i.e., LX /M⋆ ) with increasing stellar age (upper-left panel of Figure 3.8), and our fully-independent
model prefers a scenario in which the X-ray SED shape (probed by ω) transitions from containing
significant contributions from both hot gas and XRBs for stellar ages <10 Myr to an SED domi-
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Figure 3.9: Resulting stellar-mass normalized X-ray SED models, ELE /M⋆ , for the seven age-bins,
based on our fully independent model (i.e., including variations in both γ and ω with age). The
displayed SEDs correspond to those produced by the median parameter values listed in Table 3.2;
various colors and linestyles correspond to age bins as annotated in the legend. To give a sense of
uncertainties, we show shaded regions that represent the full span of models with the lowest 68%
of C values (see Section 3.5.2) for the youngest and oldest age bins.
nated by XRBs alone for >10 Myr populations (see lower-left and right panels of Figure 3.8). Our
choice to define γ in the rest-frame 2–10 keV bandpass ensures that the resulting evolution with
stellar age probes XRB evolution, since the hot gas contribution at 2–10 keV is minimal (see, e.g.,
Figure 3.5). As such, our constraints on γ as a function of age can be compared directly with other
studies and XRB population synthesis models.
In the upper-left panel of Figure 3.8, we overlay the empirical results from Lehmer et al. (2017),
who analyzed XRB X-ray luminosity functions (XLFs) within subgalactic regions of M51 and correlated the observed variations of the XRB XLF with local SFHs to obtain a model for the stellarage evolution of the XRB XLF. Due to small–number statistics, a stellar-age-parameterized XRB
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XLF model was fit to the M51 data and integrated over various age bins to yield the data shown
in Figure 3.8. Given this explicit parameterization, the stellar age dependent trajectory follows a
continuous function and is unable to produce bin-to-bin fluctuations like those found in our results.
Nonetheless, comparison of our constraints with those from M51 show a similar level of decline of
γ from 10 Myr to 10 Gyr. However, across this stellar age range, our larger number of stellar-age
bins, and the independent nature of our models, result in a more detailed view of the evolution of
γ as a function of age. Furthermore, for the youngest age bin at 0–10 Myr, we find a value of γ
that is ∼1 order of magnitude larger than that from Lehmer et al. (2017). This could potentially be
explained by the weak constraints on this age bin in M51 and the explicit parameterization used in
their XLF model. It could also be explained by comparing the metallicities of the youngest populations of stars in each sample. The median metallicity of our sample is Z/Z⊙ ≈ 0.57, which is
significantly lower than that of M51 (Z/Z⊙ = 1.5–2.5; e.g., Moustakas et al., 2010). Recent studies
have established that LX (HMXB)/SFR declines with increasing metallicity (see, e.g., Basu-Zych
et al., 2016, 2013b; Brorby et al., 2014, 2016; Douna et al., 2015; Fornasini et al., 2020, 2019;
Kovlakas et al., 2020; Lehmer et al., 2021), and this may play some role here.
To provide a more physical interpretation of our results, we also displayed in the upper-left
panel of Figure 3.8 the XRB population synthesis model from Fragos et al. (2013a), appropriate
for a solar-metallicity population. The Fragos et al. (2013a) model follows a similar decline of γ
versus age as our data. Of particular interest is the abrupt order-of-magnitude decline in γ above
≈10 Myr, seen in both the Fragos et al. (2013a) model and our results. This decline, which is also
observed in the theoretical models of Linden et al. (2010), is expected to be due to exhausting of
the most luminous ULX population, typically Roche-lobe overflow HMXBs from low-metallicity
stars. These binaries go through a stable common envelope phase with the compact object and
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an unevolved donor star, peaking in luminosity between 6 and 13 Myr, rapidly decaying after 20
Myr. We note, however, that more recent population synthesis models (e.g. Fragos et al. (2015);
Wiktorowicz et al. (2017, 2019) that include prescriptions for beaming and a larger diversity of
ULX accretor types (e.g., neutron stars), predict that ULX activity in star-forming galaxies begins
just before ≈10 Myr, peaks between 10–100 Myr, and strongly declines only after ≈100 Myr.
However, it is possible that these results come from discrete time-binning effects, which also affects the timescales we investigate in this study, motivating the use of continuous models in further
investigations (see Section 3.6.2 for an example).
While observational constraints on the detailed formation histories associated with ULXs on
timescales of ∼10 Myr are difficult to extract empirically, some empirical constraints on the evolution of bright binaries exist for the Small Magellanic Cloud, M31, and M33 where detailed
SFHs can be extracted and correlated with X-ray point-source populations (see, e.g., Antoniou
et al., 2019; Garofali et al., 2018; Lazzarini et al., 2021). In these studies, bright X-ray binaries
are observed with an efficiency (i.e., per stellar mass) that appears to be high and approximately
>
flat over 5–40 Myr, before declining at ages ∼
50 Myr. However, the regions studied in these

galaxies do not contain ULXs, which typically dominate the X-ray power output of galaxies with
>
SFRs ∼
1 M⊙ yr−1 (e.g., Kovlakas et al., 2020; Lehmer et al., 2021; Lehmer et al., 2019), and are

expected to peak at younger ages than lower-luminosity HMXBs (e.g., Linden et al., 2010). We
believe that given the SFR of our sample we are able to capture a more complete sampling of the
HMXB XLF, which includes ULXs that would be expected to be present in higher SFR populations. This is not to say that our sample is dominated by ULXs, but that they are more represented
in our sample than in low-SFR studies, such as the Magellanic Cloud, M31 and M33 studies discussed above.
87

Moving to older populations, we find an abrupt decline in γ between the 0.1–0.3 Gyr and
0.3–1 Gyr age bins. The latter age range corresponds to main-sequence lifetimes of 2.5–4 M⊙ stars,
an intermediate mass range for XRB donor stars that represents a transition between HMXBs and
−1
LMXBs. Following this decline, γ appears to flatten to a value near log LX /M⋆ ≈ 1029 ergs s−1 M⊙

for populations with ages of 1–10 Gyr. This behavior differs from that observed in the Fragos et al.
(2013a) population synthesis models, which predict a rapid decline in γ between 1–13 Gyr. The
most notable discrepancies occur for the 0.3–3 Gyr population, in which the Fragos et al. (2013a)
model is elevated compared to our constraints by nearly an order of magnitude. However, these
intermediate mass stars are expected to go through a short-lived high-accretion state before becoming more traditional LMXBs (after going through enough mass-loss). This stage of binary
evolution is difficult to capture and may cause synthesis models to inadequately describe this age
range. Going forward, these results from 0–3 Gyr can be used to better constrain binary evolution
models. While some attempts have been made to isolate empirically the age-dependence of the
LX (LMXB)/M⋆ relation within galaxies (see, e.g., Kim and Fabbiano, 2010; Lehmer et al., 2014,
2007; Lehmer et al., 2020; Zhang et al., 2012), these efforts have yielded inconclusive results and
have focused primarily on the age range covered by our single age bin at 3–10 Gyr. The M51
study by Lehmer et al. (2017) provides large uncertainties on the constraints in this age range, but
is consistent with our findings.
Regarding evolution of the X-ray spectral shape with age (see lower left of Figure 3.8), in
Section 3.5.2 we showed that the 14-parameter fully independent model provides a marginal improvement to the fit to the data compared to the 8-parameter semi-independent model (based on
Pnull comparisons). This result, combined with prior knowledge of X-ray SEDs of local galaxies,
suggests that some age-dependency of the spectral shape is likely. In fact, the constraint on ω
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versus age for the fully independent model shows a strong preference for a hardening of the X-ray
SED with increasing age (see right side of Figure 3.8), consistent with a rapid decline in the hot gas
contribution for stellar ages above 10 Myr. Since our sample is composed of actively star-forming
galaxies, it is expected that the hot gas emission component would be associated with the young
population, and not the older population, which is relevant for massive elliptical galaxies (e.g.,
Boroson et al., 2011; Forbes et al., 2017; Goulding et al., 2016; Kim and Fabbiano, 2013). Hot
gas emission in local star-forming galaxies has been observed to scale with SFR (see, e.g., Grimes
et al., 2005; Mineo et al., 2012b; Owen and Warwick, 2009) and has its strongest association with
the most massive, and therefore youngest, stars (e.g., Kavanagh et al., 2020; Kuntz and Snowden,
2010; Strickland et al., 2002), and our results are consistent with these observations.
In Figure 3.10, we show our best-fit SFR-normalized spectrum of ω = 0.78 (from the semiindependent model) as a solid blue curve and shaded region (representing the full range of the top
68% of fits, in terms of C). For comparison purposes, we show the spectral fits from other relatively nearby star-forming galaxies: VV 114 (Garofali et al., 2020), NGC 253 (Wik et al., 2014),
M83 (Yukita et al., 2016), NGC 3256, and NGC 3310 (Lehmer et al., 2015). These galaxies have
excellent spectral constraints across 0.3–30 keV from Chandra or XMM-Newton combined with
NuSTAR data, allowing for decomposition of hot gas and XRB contribution across that bandpass.
Additionally, they were selected to demonstrate the range of spectral shapes observed for a variety
of metallicities: 0.3, 1.1, 0.96, 1.5, and 0.2 Z/Z⊙ , respectively. The single best-fit spectral shape
that we find is largely consistent with that of NGC 3256 and VV 114, although the general shape is
similar to other SEDs as well. Both NGC 3256 and VV 114 are starburst galaxies, so the similarity
in SEDs reinforces the observed elevated SFR of our sample, noted earlier in Section 3.4.1.
For comparison with more commonly used scaling relations we calculated values of the equiv89

alent relations implied by our model (listed in Table 3.3 alongside 2–10 keV scaling relations). For
the HMXB scaling with SFR (e.g., Lehmer et al., 2019; Mineo et al., 2012a; Ranalli et al., 2003) derived from the three youngest γ values and HMXB component spectra in our model, we multiplied
by 108 yr in order to convert from M⋆ to SFR as the scaling factor, and further scaled using the XRB
HMXB
total
component of the spectra (shown in the top of Figure 3.5) from 0.5−8 keV (L0.5−8
keV /L2−10 keV ).

We calculate log L0.5−8 keV [HMXB]/SFR = 39.68+0.36
−0.66 , which falls right between the modeled values of 39.80 and 39.64 from Lehmer et al. (2021), which correspond to metallicities of 0.51 and
0.81 Z/Z⊙ , matching with the median metallicity of our sample (0.57 Z/Z⊙ ). This also agrees with
the full observed sample value of 39.71+0.14
−0.09 from Lehmer et al. (2019).
For the hot gas emission of our spectra (shown in the top of Figure 3.5) we followed a similar
process as for the HMXBs, as the youngest age range is where hot gas is expected to be found.
The final numbers were scaled to the hot gas 0.5−2 keV component instead of the previous values
for HMXBs. We determined how the hot gas X-ray emission scales with SFR. We calculate a
gas
+11.77
38
−1
value L0.5−2
(M⊙ yr−1 )−1 , which is consistent with the value
keV /SFR = (9.15−7.13 ) × 10 erg s

of 7.75 ± 0.3 × 1038 erg s−1 (M⊙ yr−1 )−1 reported in Mineo et al. (2012b) (after correcting for
different IMF assumptions). This value was already noted to have significant spread (a factor of
∼ 5) through multiple studies, so there might be underlying factors which need to be accounted.
For LMXBs, we calculated log(L0.5−8 keV [LMXB]/M⋆ ) = 29.13+0.43
−0.32 using the oldest two agebins and scaling to the 0.5−8 keV XRB spectral component. Because this scaling relation remains
proportional to M⋆ the multiplier of 108 yr is not used. By using the oldest two age-bins we limit
LMXBs to be older than 1 Gyr, which might not be properly accounting for more intermediate
mass stars reaching Roche lobe overflow earlier than 1 Gyr (2-5 M⊙ ), so this value can be considered a lower-limit. This is consistent with values reported in previous studies of elliptical galaxies,
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Figure 3.10: The best single-fit spectral shape found for the semi-independent model, normalized
to SFR. The line shows the mean while the shaded region shows the best 68% of fits. This is
compared to the SEDs from NGC 3310, VV 114, M83, NGC 253, and NGC 3256, ordered in
ascending metallicity.
including ∼28.98 from Zhang et al. (2012) and 28.86+0.07
−0.08 from Lehmer et al. (2020).

3.6.2

Parameterized fits

An important step in the methodology of this study was assuming that the SFR will be constant
across each of the seven age-bins, with immediate changes occurring between any two age-bins.
This allows for a simple model to be created (seven distinct values for γ and ω), but obviously it
is not necessarily physically motivated. In order to get an idea for what a continuous model would
produce we created a new model that parameterizes the values of γ and ω as continuous functions
of time, and used it to fit the results from our fully independent model.
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Scaling Relations
gas
−1
(M⊙ yr−1 )−1 ])
log(L0.5−2
keV /SFR [erg s

38.96+0.36
−0.66

LMXB
−1
log(L0.5−8
M−1
⊙ ])
keV /M⋆ [erg s

29.13+0.43
−0.32

LMXB
−1
log(L2−10
M−1
⊙ ])
keV /M⋆ [erg s

29.03+0.43
−0.32

HMXB
−1
log(L0.5−8
(M⊙ yr−1 )−1 ])
keV /SFR [erg s

39.68+0.36
−0.66

HMXB
−1
log(L2−10
(M⊙ yr−1 )−1 ])
keV /SFR [erg s

39.57+0.36
−0.66

Table 3.3: Scaling relations, derived from the fully independent model in order to fully account for
changes in the spectral shape, for the X-ray luminosity of hot gas and HMXBs scaled to SFR, and
LMXBs scaled to M⋆ . The hot gas and HMXB scaling relations are based on the youngest three
age-bins (less than 100 Myr) while the LMXB scaling relation is calculated using the oldest two
age bins (greater than 1 Gyr).
To describe the overall process of XRB populations aging we created a parameterized model
of γ with two distinct components: one for HMXBs and one for LMXBs. This does leave out hot
gas emission, but, as our evolution of ω indicates, the hot gas is assumed to be part of the HMXB
curve. To prevent these curves from becoming non-physical (i.e. taking on values that are too
large) at certain ages we used quadratic curves with the restriction of having negative curvature
(represented by a0 and a1 ).

γ(tage ) = γHMXB (tage ) + γLMXB (tage )

(3.8)

γ(tage ) = a0 (τ − b0 )2 + c0 + a1 (τ − b1 )2 + c1

(3.9)

In these equations τ is simply used as an abbreviation for log(tage ). This resulted in a single curve
that can easily be decomposed into two components. One additional restriction was placed on the
parameterization: because we do not have age data exceeding 9.75 Gyr (the assumed age of the
oldest age bin) we adopted a prior in which we limited the value of b1 (the age where LMXB
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emission would peak) to be less than 9.75 Gyr.
We also created a two-parameter fit for ω. Because ω is bound between 0 and 1, and should
be 0 at extremely low ages (before XRBs activate) and 1 at extremely high ages (when only XRBs
remain) we chose to use a Gompertz function that is bound between 0 at negative infinity and 1 at
positive infinity. The parameters used are bω and cω , which define the "midpoint" of the curve and
the rate of increase at the midpoint. The parameterization thus follows the explicit form:
ω(tage ) = exp(−ebω −cω τ ).

(3.10)

In total this results in a parameterized model with two separate equations (γ and ω) each in terms
of age, with a total of 8 parameters. The results for this parameterization are shown in Figure 3.11
and listed in Table 3.4. The fits visually appear to fit the data well, but some of the parameters
(particularly those for the LMXB component of the γ fit) seem to have wide ranges of uncertainty.
This reflects a high degree of degeneracy and covariances in the model, which is most likely caused
by the fact that the LMXB component is primarily constrained by two data points and our adopted
prior on b1 . A similar degree of covariance can be seen in the HMXB component, where the emission can peak anywhere below 3 Myr (shown as b0 ), coming from the lack of any age constraints
below 10 Myr. Additionally, this peak-age is impacted by the emission of hot gas, as it is expected
to play a significant role in the younger stellar populations. These parameterized results are weakly
constrained given our current data set, but can be utilized in future studies to examine how these
scaling relations vary with other physical parameters. For example, metallicity has been identified
as an important factor influencing HMXB formation, so the parameters for the HMXB model could
be modified to include a metallicity dependence.
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Figure 3.11: The parameterized fits for γ and ω presented alongside the results from the fullyindependent model (orange points). Top: The parameterized formula for γ can be decomposed
into the contributions from HMXBs and LMXBs (shown as red dashed and green dotted lines
respectively). The constraints become very weak above 9.75 Gyr because that is the assumed age
of the oldest age-bin in this study. The shaded region shows the uncertainty as derived from the
top 68% of the fully independent model results ("top" is defined by having the lowest C value).
Bottom: The parameterized fit of ω is shown with a similar uncertainty region reflecting the top
68% of results.
3.6.3

Additional physical dependencies

In order to probe whether additional unmodeled dependencies may be relevant, we tested how the
results of the fully independent model would vary if the sample were split into various subsamples.
One of the original motivations for creating a physically-dependent model is that it can be properly
extrapolated out to high redshifts and still return accurate values. We tested splitting the sample
up in four different ways: by field (CDF-S vs CDF-N), by redshift, by X-ray detection, and by
metallicity.
The results from the fully independent model for each of the eight subsamples are shown in
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Parameterized Model Results
+0.19
−1
a0 [erg s−1 M−1
⊙ log(yr) ] −0.24−0.35

5.23+1.10
−5.23

b0 [log(yr)−1 ]

c0 [erg s−1 M−1
⊙ ]

32.54+2.61
−0.40

+0.57
−1
a1 [erg s−1 M−1
⊙ log(yr) ] −1.21−4.59

9.32+0.17
−0.32

b1 [log(yr)−1 ]

c1 [erg s−1 M−1
⊙ ]

29.09+0.91
−1.08
2.15+0.04
−0.08

bω

0.63+0.06
−0.18

cω [log(yr)−1 ]

Table 3.4: The values for the parameters used to fit the full independent model results (see Section
3.6.2 for the equations used). Several of the values are consistent with limits set on the parameters,
and show high degrees of covariance, especially the LMXB component of the γ model (a1 , b1 , c1 ).
Figure 3.12, along with an extended sample discussed later in this section. The presentation is
changed compared to Figure 3.8 in order to have the points be more readable. Each of the seven
age-bins are now separated by vertical gray dashed lines, with data points within each age-bin
(subsamples and the complete sample). Each of the data points within an age-bin reflect the value
for the entirety of that age-bin, however the horizontal error bars have been excluded and the points
have been horizontally offset from each other for ease of viewing.
To quantify these subsample comparisons, we define a parameter ϵ that measures the average
ratio of γ between two subsamples (A and B) across all seven age-bins (or six age-bins in the case
of the redshift split since the highest age-bin is unavailable for high redshifts):

1 X γi,A
ϵ=
N i=1 γi,B
N

(3.11)

The value of ϵ and its marginalized probability distribution are calculated by propagating the MC
results described in Section 3.5.2. Below, we quote median and 16–84% confidence ranges for ϵ.
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In the top portion of Figure 3.12, we present results for four of the subsamples that are expected to be consistent with those obtained from the full sample of 344 galaxies. The left-most
point within each bin shows the full sample as a black point. The next two points show the results
for the CDF-S (blue downwards triangles) and CDF-N (red upwards triangles), which remain entirely consistent with each other across all age-bins, and have their Cmin values listed in Table 3.2.
For this subsample split (measuring ϵ as the ratio of CDF-S to CDF-N), we obtain ϵ = 0.91+0.45
−0.30 ,
showing that there is no significant difference in results between fields.
The next two points in the top panel of Figure 3.12 (orange leftwards triangles and purple
rightwards triangles) show the redshift split: low redshift galaxies first and high redshift galaxies
following them. We divided the sample in half by redshift at z = 0.762 (each subsample containing 172 galaxies). These are also consistent with each other across all age ranges, indicating that
this model does not have any detectable redshift dependency. For this subsample split (measuring
the ratio of the low-z subsample to the high-z subsample), we calculate ϵ = 0.64+0.39
−0.24 , a value that
is somewhat lower than unity, but still consistent with no significant difference between the two
subsamples. A value of ϵ < 1, could potentially be expected due to a small difference between
the metallicity of the two redshift-split subsamples, as we expect metallicity to be lower at higher
redshifts. Indeed, we estimate sample median values of Z = 0.52Z⊙ for the high-z subsample and
Z = 0.60Z⊙ for the low-z subsample.
The middle panel of Figure 3.12 displays three different subsamples: the first (orange diamonds) is an extended sample (full sample+), which includes the full sample plus the additional
46 normal-galaxy-classified sources that were conservatively removed during the sample selection
process as described in Section 3.3; the second subsample consists of only the 47 X-ray detected
galaxies in our sample (dark green stars, see Section 3.4.2 for further details); and the third sub96
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Figure 3.12: The evolution of γi for four different splits of the sample, resulting in eight different
subsamples. The seven age bins are separated by vertical dashed lines to show the subsamples in
a more readable manner. Top: Moving from left to right within each age-bin the subsample splits
are as follows: the complete sample (black points); CDF-S / CDF-N (blue downwards triangles/
red upwards triangles); and low redshift / high redshift (orange leftwards triangles/ purple rightwards triangles). Middle: Moving from left to right within each age-bin the subsample splits are
as follows: the full sample (black points); the full sample plus 46 galaxies that were originally
classified as normal galaxies, but not included in our full sample due to an overlap in properties
with known AGN (orange diamonds); the 47 X-ray detected galaxies (dark green stars); the 294
non-X-ray detected galaxies (pink squares). Bottom: Moving from left to right within each age-bin
the subsample splits are as follows: the complete sample (black points); low metallicity (light blue
+ symbols); high metallicity (light green × symbols).
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sample contains the 294 non-X-ray detected galaxies in our sample (pink squares).
Overall the "full sample+" of 390 galaxies produces a similar result to the standard full sample
in terms γ evolution over stellar age. The measured ϵ value for the ratio of full sample+ to the
full sample is 1.33+0.58
−0.41 which is again consistent with unity. To see exactly how the model fits
these sources we have plotted the model counts versus the observed counts in Figure 3.13. The 46
removed sources are shown as the red points, which do appear to be broadly underestimated by
the model (demonstrated by the side of the one-to-one line that they lie along). One such source in
particular (J033244.44-274818.99) is found to have significantly higher observed counts than the
model predicts in both SB1 and SB2 (highlighted with a blue circle around it). This source is not
classified as an AGN in any other catalog, but given its significant outlier status with respect to our
normal-galaxy model, we consider this source to be an AGN candidate. As we predicted earlier, a
majority of these removed galaxies are consistent with their original normal galaxy classification.
Our results show that our model may be useful in future studies to identify potential AGN candidates.
The X-ray detected subsample does appear to have insignificantly elevated γ values compared
to the non-X-ray detected subsample, however this is expected, since these galaxies are specifically
selected for their X-ray brightness. Additionally, this subset has a significantly smaller sample size
relative to the full sample (47 galaxies compared to the full 344 galaxy sample) and is subject to
potential stochastic effects. The overall evolution of γ follows similar trends for each subsample
and the overall sample. For this subsample split (measuring ϵ as the ratio of X-ray detected galaxies to undetected galaxies), we calculate that ϵ = 1.15+0.61
−0.40 , which is consistent with no significant
difference.
The final split displayed in the lower portion of Figure 3.12 is between the low and high metal98
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Figure 3.13: A comparison of model counts versus observed counts in each the SB1 (upper) and
SB2 (lower). The 344 galaxies of the full sample are shown as small gray points with the 46
removed galaxies (for possibly being undeteced AGN, see Section 3.3) are shown are red points.
A one-to-one black line is shown to display where points would lie when the model and observed
counts agree. One significant outlier source (J033244.44-274818.99) is highlighted with a light
blue circle.
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licity galaxies (light blue + and light green × symbol, respectively; 172 galaxies in each subsample). Again, the full sample is shown as black points for comparison. The metallicity for
each galaxy was calculated following the same method outlined in Section 3.4.2 and a value of
Z/Z⊙ = 0.57 was used to split the sample in half, with the low-metallicity subsample having a mean
metallicity of Z/Z⊙ = 0.45 and the high-metallicity subsample having a mean of Z/Z⊙ = 0.78.
This subsample split does result in significant differences in numerous age-bins, from the younger
through the older stellar populations. This difference is entirely expected, as discussed in Section
4.2. Decreased metallicity has been shown to correlate with higher LX /SFR values, indicating a
greater/more luminous presence of HMXBs. We calculate that, for a ratio of low-metallicity to
high-metallicity, ϵ = 2.63+1.96
−1.25 . While this value does have significant uncertainty, it suggests that
the low-Z subsample is ≈1.5–4.5 times more luminous per unit stellar mass than the high-Z subsample. Separate ϵ values for HMXBs and LMXBs can be estimated by selecting the four youngest
age-bins for HMXBs and the three oldest age-bins for LMXBs. When calculated this way we find
+1.66
that ϵHMXB = 2.94+2.19
−1.4 and ϵLMXB = 2.23−1.06 , confirming that metallicity plays a significant role

in the evolution of both LMXBs and HMXBs. The elevated LMXB emission in low-metallicity
galaxies is expected from in-situ star-formation activity (e.g. Fragos et al., 2013a), but differs from
that observed in globular cluster LMXBs, which are expected to form dynamically and have been
shown to have more luminous LMXB populations in high-metallicity environments (e.g. Ivanova
et al., 2012; Kim et al., 2013; Kundu et al., 2002). Our results therefore provide suggestive evidence that the LMXB populations in these star-forming galaxies may be dominated by the in-situ
formation pathway. While these results will not be investigated further in this study, they serve as
motivation for future studies on parameterizing metallicity as a factor of XRB evolution. We note
that when comparing the γ values for the full sample with those of the metallicity-split subsamples,
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it is apparent that the low-metallicity galaxies drive the full sample result at ages <0.1 Gyr, and
the high-metallicity galaxies drive the full-sample result at older ages. Therefore, our full sample
result is not expected to be appropriate for a single mean metallicity.
The metallicity subsample split is expected to show some difference, as tension between the
two subsamples is visible in Figure 3.12 and has been detected in previous studies (see Section
4.2). This effect is expected and has been observed in other studies before. Based on the LX SFR-Z relation from Lehmer et al. (2021) we would expect to find an ϵ ratio of 2.00+1.31
−0.80 , which is
consistent with our value. While this study will not be further pursuing the effects of metallicity on
XRB (particularly HMXB) luminosity, we have outlined a potential method to do so (see Section
3.6.2) and have found evidence to continue pursuing this in further studies.

3.7

Summary

Using a sample of 344 normal, actively star-forming galaxies in the CDFs that span a redshift range
of z = 0–3.5, we have investigated how the X-ray luminosity scaling with stellar mass (LX /M⋆ )
and X-ray spectral shape depend on stellar age. We have conducted SED fitting of FUV-to-FIR
photometric data to constrain SFHs for each of our galaxies, and we have correlated these SFHs
with constraints on the X-ray emission from the galaxies using the ultradeep Chandra data in the
CDFs. Our analyses indicate significant changes in both LX /M⋆ and X-ray spectral shape as stellar
populations age. Specific findings from our study include:
1. A factor of ∼1000 decline in LX /M⋆ over the age range of 10 Myr–10 Gyr is found, consistent with theoretical models and studies of a small number of local galaxies. Our analysis
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provides unique statistical constraints based on a large sample of deep-field galaxies, quantifying the continuous transition from luminous HMXBs associated with young populations
to LMXBs associated with older populations.
>
2. We find that the X-ray SED shape becomes harder at ages ∼
10 Myr, which is consistent

with a scenario where the SED contains significant contributions from both hot gas and
<
>
XRBs associated with ∼
10 Myr populations and primarily XRBs at ∼
10 Myr. The inter-

pretation of this result, however, requires more robust constraints on the variation of X-ray
spectral shape with age.
3. Global scaling relations LX (gas)/SFR, LX (HMXB)/SFR, and LX (LMXB)/M⋆ are derived by
selecting parameter fit results from subsets of age-ranges (younger populations for hot gas
and HMXBs, older populations for LMXBs). The scaling relationships we derive are consistent with those found in previous studies of galaxies in the local universe.
4. We present parameterizations of LX /M⋆ and spectral shape as a function of stellar age assuming separate contributions from HMXBs and LMXBs. Our parameterizations prefer a
continuous decline of HMXB emission with increasing age, and an onset of an LMXB emis>
sion component at ∼
1 Gyr. This modeling characterizes well an overall observed flattening
>
of LX /M⋆ that is observed for ages ∼
1 Gyr.

5. We split the full sample of 344 galaxies into subsamples based on observational field (CDF-N
vs CDF-S), redshift, X-ray brightness, and metallicity to search for further dependencies. We
find no significant dependence on observational field, redshift, or X-ray brightness. However,
we find that the low-metallicity half of our galaxy sample shows enhanced levels of LX /M⋆
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compared to the high-metallicity half. This metallicity dependence is predicted theoretically
and has been observed in other studies. These results warrant future investigations aimed at
quantifying how LX /M⋆ and SED shape depend on both age and metallicity.
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4.1

Abstract

Observations of galaxies, both locally and in deep fields, have shown the existence of key scaling
relations between X-ray Binary (XRB) luminosity and both stellar mass (M⋆ ) and star formation
rate (SFR). Furthermore, these scaling relations are expected to vary with other physical parameters, specifically stellar age (tage ) and metallicity (Z). These scaling relations are crucial to understanding the cosmic history of XRB evolution, as XRBs are expected to be the dominant source
of energy heating of the intergalactic medium in the early Universe. An accurate parameterization
based on these physical characteristics would allow for extrapolation to the early Universe and a
deeper understanding of cosmic history. We select a sample of 2,401 Chandra Deep Field (CDF)
galaxies, for which we derive star formation histories (SFHs) through spectral energy distribution
(SED) fitting. We propose three potential parameterizations for the evolution of XRB luminosity
in terms of tage and Z. We find that there is strong evidence for the existence of XRB luminosity
evolution with respect to each parameter. However, further parameterizations will have to be fit to
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the data before more impactful results can be widely applied.

4.2

Introduction

Studies of normal galaxies (i.e. not active galactic nuclei [AGN]) have found that X-ray binaries (XRBs) provide a significant quantity of X-ray emission in both the local Universe (see e.g.
Lehmer et al., 2017; Mineo et al., 2012a) and the early Universe, viewable through both the North
and South Chandra Deep Fields (CDFs-N and S respectively, Luo et al., 2017; Xue et al., 2016).
As was discussed in Chapter 3 of this work (hereafter referred to as Gilbertson et al., 2022), the
X-ray emission from XRBs is commonly broken into two populations, each with a separate scaling
factor. High-mass XRBs (HMXBs) contain a massive companion star with a compact object and
strongly emit X-ray radiation on short timescales (t < 108 yr), strongly tying HMXBs to stellar
populations with an elevated star formation rate (SFR). Low-mass XRBs (LMXBs) are powered
by a low-mass star and are capable of emitting X-ray radiation for far longer timescales, albeit at
a lower luminosity. The X-ray luminosity (LX ) of LMXBs is therefore scaled to the total stellar
mass of a population (M⋆ ). These two scaling relations have been well studied both observationally
(e.g. Fabbiano, 2006; Gilfanov et al., 2004; Grimm et al., 2003; Lehmer et al., 2010; Lehmer et al.,
2021; Lehmer et al., 2019; Mineo et al., 2012b; Ranalli et al., 2003; Zhang et al., 2012) and through
computational simulations (e.g. Belczynski et al., 2008; Boylan-Kolchin et al., 2009; Fragos et al.,
2013a; Guo et al., 2011; Linden et al., 2010; Wiktorowicz et al., 2017, 2019).
Furthermore, the scaling relationships have been predicted to evolve themselves with further
parameters: LX, HMXB /SFR with metallicity (Z) and LX, LMXB /M⋆ with stellar age (tage ). The evo-
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lution of LX, LMXB /M⋆ with stellar age has been studied in both the local Universe (Lehmer et al.,
2014) as well as recently in the CDFs (Gilbertson et al., 2022). The LX, LMXB /M⋆ is observed
to decrease by a factor of ∼ 1000 across a 1 Gyr time period. The metallicity evolution is even
more well-documented in literature. Low-metallicity stellar populations are known to have lower
mass-loss rates due to stellar winds. Stellar mass-loss in binary systems results in a loss of angular
momentum, allowing the stars to drift further apart. Additionally, by preserving stellar mass the
number of massive compact object remnants (i.e. black holes and neutron stars) increases within a
stellar population. Each of these factors enable the creation of tighter HMXBs and more HMXBs
respectively, overall leading to an increase in HMXB luminosity per unit SFR. This is of particular
interest as it is becoming increasingly certain that HMXBs in the metallicity-poor, early Universe
would have been the primary heating source for the intergalactic medium (IGM, e.g. Fragos et al.,
2013a; Lehmer et al., 2016; Madau and Fragos, 2017).
Numerous studies on local galaxies have indeed found an elevated LX, HMXB /SFR in lowmetallicity environments (see, e.g., Basu-Zych et al., 2016, 2013; Brorby et al., 2014, 2016; Douna
et al., 2015; Kovlakas et al., 2020; Mapelli et al., 2010; Prestwich et al., 2013; Saxena et al., 2021).
Certain studies have even carefully selected galaxies to act as analogs to early type galaxies and
found further evidence in their results (e.g. Lehmer et al., 2021; Lehmer et al., 2022). However,
none of these studies have yet created a unified model to account for the evolution of XRB scaling
relations with respect to both stellar age and metallicity. Early attempts to do so were made in
Gilbertson et al. (2022), as a non-parametric model for the evolution of LX, LMXB /M⋆ with respect
to stellar age was further split into two groups based on metallicity, and the results once again
indicated that the low-metallicity subsample showed elevated X-ray luminosity. This study aims to
pick up from where Gilbertson et al. (2022) left off and continue the search for an age and metal117

licity dependent parameterization. One key step in accomplishing this is to expand upon the 344
galaxy sample to reach a broader range of metallicities.
Incorporating metallicity as a key feature of this work provides a new array of decisions. Metallicity reflects the abundance of all elements other than Hydrogen and Helium in a stellar population,
which can not be directly observed. The typical technique for quantifying the metallicity of a stellar population involves observations of precise emission lines, such as OII, OIII, N II, and SII
(see e.g. Kewley and Ellison, 2008; Kobulnicky et al., 1999; Moustakas et al., 2010). The intensity
of the observed lines from these metals can then compared to more prominent lines such as Hα, and
Hβ to determine relative abundances. Combined with models for the relative chemical abundances
expected from stellar nucleosynthesis, a total metallicity is then calculated. Studies aiming to calculate the metallicity of a galaxy require a significant amount of dedicated observations, and are
subject to significant biases depending on the selection and calibration of emission lines (Kewley
and Ellison, 2008). To remove the dependence on precise spectral data for each galaxy, alternative
methods have been found to estimate metallicity. Most notably a relation between the stellar mass,
SFR, and metallicity of a galaxy has been well documented (e.g. Curti et al., 2019; Hirschauer
et al., 2018; Hunt et al., 2016; Salim et al., 2014; Yates et al., 2012). Utilizing the M⋆ -SFR-Z plane
allows for accurate estimates of metallicity to be derived from parameters that are more commonly
recovered from spectral energy distribution fitting procedures (SED fitting procedures, see Chapter
2 for an outline of the Lightning procedure utilized in this work). We will use the age-binned
stellar masses recovered from Lightning and the estimated Z for each galaxy to attempt to find
an appropriate parameterization for XRB evolution with respect to both physical parameters tage
and Z. Such a parameterization will allow for accurate extrapolations out to the early Universe for
a better understanding of the processes heating the IGM. Additionally the parameterization would
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be utilized in studies of the formation and evolution of binary star systems, as it would inform
computational modeling techniques (Fragos et al., 2013a,b).
In Section 4.3 we explain the steps taken to expand the sample while ensuring that we can
still use Lightning to accurately recover the stellar masses for use later. In Section 4.4 we discuss the recovered physical properties of the sample from Lightning, as well as the process for
estimating the metallicity of each galaxy. In Section 4.5, we introduce our stellar age and metallicity dependent parameterizations for the evolution of LX /M⋆ . The statistical methods used are
discussed here as well. In Section 4.6, we present and interpret our results, and comment on the
reliability of each of the parameterizations.
Throughout this work, we make use of the main point-source catalogs and data products for
the ≈2 Ms CDF-N and ≈7 Ms CDF-S as outlined in Xue et al. (2016) and Luo et al. (2017), respectively (see Brandt and Alexander, 2015 for a review on CDF surveys). The Galactic column
densities are 1.6 × 1020 cm−2 and 8.8 × 1019 cm−2 for the CDF-N and CDF-S, respectively (Stark
et al., 1992). All of the X-ray fluxes and luminosities quoted throughout this paper have been corrected for Galactic absorption. Estimates of M⋆ , SFR, and star formation history (SFH) presented
throughout this paper were derived assuming a Kroupa (2001) initial mass function (IMF); when
making comparisons with other studies, we have adjusted all values to correspond to our adopted
IMF. Cosmological values of H0 = 70 km s−1 Mpc−1 , ΩM = 0.3, and ΩΛ = 0.7 are adopted throughout this paper.
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4.3

Sample selection

4.3.1

Expanding the sample

In Gilbertson et al. (2022) a carefully selected sample of 344 normal galaxies was presented. Several of the cuts are necessary to maintaining the purpose of the experiment, such as the AGN-related
cuts. Other cuts regarding the quality of the data are more open to changes, which will allow for
the expansion of the sample. This is a crucial step, as the previous sample did not have a wide
range of metallicities at a suitable signal-to-noise ratio (S/N), which significantly limited the depth
to which the metallicity-driven evolution could be investigated. Nonetheless, a single subsample
split was performed and there was evidence for enhanced XRB luminosity at lower metallicities.
In order to increase the number of galaxies (and expand the range of metallicities) in our sample we remove the IR detection requirement that was used in Gilbertson et al. (2022). This required
that all galaxies had 6 or more detections at wavelengths greater than or equal to 3.6 µm. However,
numerous studies have shown that while IR detections are crucial to measuring dust attenuation,
they are less essential to constraining the stellar mass. Taylor et al. (2011) created synthetic galaxies and found that the inclusion of IR data in SED fitting procedures did not result in a significant
increase in the accuracy of the recovered stellar masses. Lee et al. (2007) found that the inclusion
of specifically NIR observations is primarily helpful for determining the metallicity evolution of a
stellar population, however as discussed in Chapter 2 the Lightning fitting procedure does not
account for changes in metallicity within a stellar population. This assumption that all stars within
a galaxy have the same metallicity does act as a limiting factor to the effectiveness of this study,
but implement such a technique to Lightning is outside the scope of this work.
A much more important factor in the recovered stellar masses from an SED fitting procedure
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is the assumed SFH form (e.g. Bell and de Jong, 2001; Bell et al., 2003; Chen et al., 2012). As
discussed in Chapter 2, there are numerous functional forms for the SFH of a galaxy with various
complexities (i.e. number of parameters). Bell and de Jong (2001) and Bell et al. (2003) found that
if the true underlying SFH is bursty then there will be large uncertainties in stellar mass when fitted
with a declining or delayed SFH model. Chen et al. (2012) used primary component analysis to
determine that the choice of SFH model is responsible for the largest systematic uncertainty in the
recovered stellar mass from an SED fitting procedure. Because of the age-binned SFH model that
Lightning uses, we are able to recover bursty SFHs accurately (see specifically Section 2.5.2
for the validation of the age-binned SFH model).
In order to ensure that Lightning does not have any significant systematic biases we tested
the effects of removing the IR detections from the 344-galaxy sample used in CGilbertson et al.
(2022). We fit the SEDs with Lightning both with and without IR detections and compared
the recovered stellar masses and SFRs. In Figure 4.1 the comparison between the recovered total
stellar masses (M⋆ ) is shown, with the red line showing a one-to-one relationship. We find good
agreement in M⋆ between the two methods of SED fitting. We calculated the percent difference
between pairs of stellar masses to determine a 95% confidence interval. The resulting interval is
[-5.0%, 6.2%] percent difference, confirming the good agreement between the two methods (i.e.
the confidence interval is consistent with zero difference).
Stellar mass is not the only important feature though; we specifically make use of the agebinned stellar masses and SFR for this work. We repeated the same process of comparing the
percent difference between the two SED fitting procedures for the SFR over the most recent 100
Myr, with the result displayed in Figure 4.2. These results appear to be more indicative of a systematic bias than the total stellar mass comparison in Figure 4.1. The SED fitting procedure without
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Figure 4.1: Comparison of the total stellar mass between galaxies with IR detections included and
those with their IR detections not included, with redshift of each galaxy shown as the color of each
point. The red line shows a one-to-one relation. We find that there is good agreement between the
two recovered masses for each galaxy.
IR detections appears to have an elevated SFR on average compared to the recovered SFR when
IR detections are present. This is to be expected, as one of the main indicators of young stars (i.e.
recent SFR) is elevated UV emission, which would then be significant attenuated and re-emitted
in the IR (see 1.4.1 for further discussion on the impacts of dust on broadband SEDs). Without IR
detections we expect to lose constraints on recent star-formation activity. Calculating another 95%
percent difference confidence interval we find [26.5%, 38.1%], further quantifying the systematic
bias. The impact of this bias on the estimated metallicity will be discussed in Section 4.4.
Additionally we investigated the recovered masses within the separate age-bins used for the
SFH model of Lightning. The plots comparing the masses with and without IR detections are
included in the appendix to this chapter, Section 4.8. Here we present the percent difference 95%
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Figure 4.2: Comparison of the SFR over the last 100 Myr between galaxies with IR detections
included and those with their IR detections not included, with redshift of each galaxy shown as the
color of each point. The red line shows a one-to-one relation. We find that there appears to be a
slight bias towards an increase in SFR when IR detections are removed.
confidence intervals for each of the age-binned masses in Table 4.1. We find that the recovered
masses in the youngest three age bins are elevated without IR, which is consistent with the elevated SFR discussed previously. It is worth noting that the confidence intervals in this table do not
account for covariances in the recovered stellar masses. Because the total stellar mass was shown
to be consistent, we expect that a galaxy with a maximally overestimated mass in the first few age
bins will have a more minimally overestimated stellar mass in the middle age bins.
It is apparent that including IR detections whenever possible is beneficial, however we will
move forward including galaxies in our sample that are missing IR detections. One reason for
doing so is because the values presented here were presented as “worst-case scenarios,” which is
to say that all the IR detections were ignored. This is not the case for many of the galaxies that will
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Age bin range

95% confidence interval
of the percent difference

0–10 Myr

[49.1%, 192.9%]

10–31.6 Myr

[27.3%, 36.3%]

31.6–100 Myr

[25.0%, 37.9%]

100–316 Myr

[-6.8%, 48.8%]

0.316–1 Gyr

[-16.2%, 71.8%]

1–3.16 Gyr

[7.8%, 15.2%]

3.16–10 Gyr

[-16.6%, -13.1%]

Table 4.1: The 95% confidence intervals of the percent difference between the age-binned masses
recovered with and without IR detections.
be newly included in the expanded sample. While they did not meet the previous requirement of 6
or more detections at wavelengths greater than or equal to 3.6 µm, this does not mean that they are
completely missing all detections past that cutoff. Furthermore, even with these worst-case scenario numbers the results will still contain valuable insights. To demonstrate this, we will example
what the effect on the value of LX /M⋆ in the youngest age bin could have been. We found a value of
log(γ1 ) = 32.41+0.06
−0.08 in Chapter 4 of this work. If the mass of each of the stellar populations in that
youngest age bin were increased by 121% (the center of the confidence interval for that age bin),
then we would expect γ1 to drop proportionally for the result to be consistent. We would instead
find a best fit value of log(γ1 ) = 32.33, which is still within the uncertainty of the parameter. With
this is mind we accepted the inclusion of galaxies that were previously left out due to a lack of IR
6 detections above 3.6 µm.
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4.3.2

Outlining the sample

Once again we begin with the complete catalog of galaxies from the Great Observatories Origins
Survey North and South fields (GOODS-N and GOODS-S respectively; Barro et al., 2019 and Guo
et al., 2013). Between the 35,445 galaxies in the north field and 34,930 galaxies in the south field
there are a total of 70,375 objects which were retrieved from the Rainbow database1 . Once again
we required that all sources have a spectroscopic redshift. These redshifts were compiled from
numerous studies of the GOODS fields (Balestra et al., 2010; Barger et al., 2008; Cooper et al.,
2012; Fadda et al., 2010; Kriek et al., 2015; Mignoli et al., 2005; Popesso et al., 2009; Ravikumar
et al., 2007; Reddy et al., 2006; Szokoly et al., 2004; Teplitz et al., 2011; Vanzella et al., 2008;
Wirth et al., 2004). This cut resulted in a sample of 3,503 galaxies in the north field and 3,609
galaxies in the south field, totaling to 7,112 galaxies.
The next applied cut was to remove sources greater than 6 arcmin away from the average aimpoint of each of the Chandra observations (Luo et al., 2017; Xue et al., 2016). This led to a sample
size of 1,873 galaxies in the north field and 2,625 galaxies in the south field, or 4,498 total galaxies. Next we removed any sources that were flagged as AGN candidates, which was done through
two steps. The first method was to adopt the X-ray source classifications in the original source
catalogs (Luo et al., 2017; Xue et al., 2016). Those catalogs make use of total LX , photon index
(Γ), X-ray-to-optical/IR/radio flux ratio ( fX / fopt ), and optical broad emission-line features to characterize sources as AGN, galaxies, and foreground stars. The AGN candidate sources were located
using the maximum-likelihood optical counterpart coordinates from the Cosmic Assembly Nearinfrared Deep Extragalactic Legacy Survey (CANDELS; Grogin et al., 2011; Koekemoer et al.,
2011), which are provided in the Xue et al. (2016) and Luo et al. (2017) catalogs. The second step
1

http://rainbowx.fis.ucm.es/Rainbow_navigator_public/
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was to again take additional steps to more conservatively make our sample selection, by excluding
sources with log( fX / fF850LP ) > −3 and a 2–7 keV to 0.5–2 keV count rate ratio > 0.6 (comparable to an effective power-law slope of Γeff ≤ 1.5) as potential AGN contaminants (compared with
log( fX / fR ) > −1 and Γeff ≤ 1 adopted by Luo et al., 2017; Xue et al., 2016). With these classifications for AGNs, any source flagged as an AGN, or found within 10 arcsec of a source flagged as an
AGN, was removed from the sample. This AGN-related cut reduced the sample to 1,304 galaxies
in the north field and 1,748 galaxies in the south field, totalling to 3,052 galaxies in all.
One final cut was applied to the sample which was not applied previously. We limit our sample
to only include galaxies with M⋆ > 109 M⊙ . Previously we had not removed these galaxies, as a
large amount of them were already removed through the IR detection requirement. This is done because galaxies below 109 M⊙ are expected to contribute nothing to the overall signal of the sample,
while further dilluting the useful sample in additional background counts. After this final cut, the
complete sample is 995 galaxies in the north field and 1,406 galaxies in the south field, reaching
2,401 galaxies total. This is roughly 7 times the number of galaxies as the previous sample from
Gilbertson et al. (2022). For the remainder for this chapter we will be using this sample of 2,401
galaxies, and will be quoting results as we fit models to this sample.

4.4

4.4.1

Sample properties

SED-derived properties

Once again we utilize the SED fitting code Lightning to model the overall UV–to–IR SED of
each individual galaxy (Doore et al., 2021; Eufrasio et al., 2017). The age bins used in the SFH
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Figure 4.3: Comparison of the average stellar mass within each age bin as a fraction of the total
stellar mass. The expanded 2,401 galaxy sample is shown in a solid blue line, while the previous
344 galaxy sample is shown in a dotted orange line. The samples have a similar composition,
while the expanded sample has slightly elevated mass fractions in the youngest and oldest bins.
The mass fractions recovered from M51 (Eufrasio et al., 2017; Lehmer et al., 2017) are shown for
comparison to a local galaxy.
model will be identical to those used in Gilbertson et al. (2022) (i.e. 0–10 Myr, 10–31.6 Myr,
31.6–100 Myr, 100–316 Myr, 0.316–1 Gyr, 1–3.16 Gyr, and 3.16–10 Gyr). We did not explore the
results from 5 and 10 age-bins for this portion of the work, as those alternatives were not found to
be insightful previously.
Because we are using the same age bins, we adopt the same method of setting the SFR within
an age bin to 0 if the Universe could not reach the upper age limit of that age bin. This may result
in stellar mass that should be in an older age bin being pushed into a younger age bin, but we do
not expect this effect to be significant, as the model SEDs are confirmed to describe the observation well through null hypothesis testing. We can visually inspect the age-binned mass fractions in
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Figure 4.4: SFR versus stellar mass for the expanded 2,401 galaxy sample. The redshift of each
galaxy is shown with a color corresponding to the colorbar on the right. The overlaid curves show
the expected locations of star-forming main sequence galaxies in the parameter space. Each of the
four curves is also taken at a specific redshift, with a corresponding color.
Figure 4.3. We see that this sample does have a higher fraction of mass present in the oldest age
bin, and slightly less mass present in the middle age bins when compared to similarly computer
mass fractions from the previous sample. We also compare to the mass fraction observed in M51,
to demonstrate that these galaxies are star-forming galaxies (Eufrasio et al., 2017; Lehmer et al.,
2017).
To further explore how the galaxies within our sample compare to a wider sample, we examine
how they compare to the star-forming galaxy main sequence, as determined by the redshift, SFR,
M⋆ relation described in Whitaker et al. (2014). These relations are shown in Figure 4.4. While
there is some scatter on the lower-SFR end of the main sequence, the majority of the galaxies in
our sample do agree with the expected z-SFR-M⋆ relation of the main sequence. We also see the
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Figure 4.5: Visualization of the SFR and stellar mass each versus redshift for our sample. The contours show the 10%, 30%, 50%, 70%, and 90% regions created using a kernel density estimation.
The distributions appear to be well sampled and not unusual.
presence of the mass cutoff applied earlier of M⋆ > 109 M⊙ . This work will not attempt to extrapolate our findings out to low-mass galaxies, as we will instead choose to focus on other physical
parameters (i.e. stellar age and metallicity).
To more precisely explore the z-SFR-M⋆ relation of the galaxies in the sample we plot the kernel density estimation of the sample in Figure 4.5. We choose to plot the kernel density estimation
in place of specific points due to the number of galaxies in the sample. The contour lines in Figure
4.5 show the 10%, 30%, 50%, 70%, and 90% thresholds for the sample. We see that the stellar
mass distribution is well distributed from 109 to 1011 M⊙ up until z ∼ 2, at which point it begins to
shrink to a tighter distribution. Similarly, the SFR distribution spans 0.1 to 100 M⊙ yr−1 at lower
redshift before approaching a tight distribution as redshift increases and the number of galaxies
decreases. It is also worth noting that we can see that our sample reaches significantly higher red-
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shifts. The 344 galaxy sample reached z ∼ 3, while the 2,401 galaxy sample reaches z ∼ 6, seen as
the 10% contours in Figure 4.5 reaching z ∼ 5 and further points existing beyond that line.

4.4.2

Estimating metallicity

The inclusion of metallicity in this study requires a robust method of estimation. Spectroscopic
data for the numerous spectral features to estimate the metallicity of each galaxy are unavailable,
so instead we use the fundamental metallicity relation (FMR) which accounts for the stellar mass
and SFR of the galaxy. The FMR is well studied, with a variety of functional forms from different studies (e.g. Hirschauer et al., 2018; Hunt et al., 2016; Salim et al., 2014; Yates et al.,
2012). We utilize the functional form presented in Curti et al. (2019), which was calibrated using an electron temperature-based abundance scale. The procedure makes use of nine different
line ratios including various ionizations of oxygen, nitrogen, silicon, and hydrogen. This electron
temperature-based model has proven to remove many of the systematic biases used in other formulations of the FMR (see Kewley and Ellison (2008) for a review of biases and various methods
of accounting for them). The FMR formula is as follows:
 −β !
 
η
M⋆
O
= Z0 − log 1 +
12 + log
H
β
M0

(4.1)

M0 = 10m0 SFRm1

(4.2)

In Curti et al. (2019) they find values of the parameters to be Z0 = 8.779, η = 0.31, β = 2.1,
m0 = 10.11, and m1 = 0.56 based on their sample of 153,452 galaxies from the Sloan Digital Sky
Survey. They find that their relation accurately models galaxies with M⋆ ranging from 108.5 to
1012 M⊙ , and SFR ranging from 0.03 to 80 M⊙ yr−1 . While this SFR does not fully probe the
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Figure 4.6: sSFR coverage of the sample and the resulting calculated metallicity from the FMR as
expressed in Curti et al. (2019). The histograms on the top and right sides show 1-D distributions
for sSFR and metallicity respectively, while the central image shows the 2-D distribution, with
darker shades representing more densely populated cells in the parameter space.
range of SFR that we find in our sample, we will continue to use it. Because this relation depends
on both stellar mass and SFR, it is more useful to look at the parameter space covered by specific
SFR (sSFR) as defined by
sSFR ≡
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SFR
M⋆

(4.3)

To describe the parameter space covered in Curti et al. (2019) with sSFR, the probed sSFR ranges
from 10−11 to 10−8.5 yr−1 . While the sSFR of our sample is indirectly shown in Figure 4.4, we
directly show it and the resulting metallicity in Figure 4.6. One important note is that the metallicity
reported from Equation 4.1 is in terms of the abundance ratio of oxygen to hydrogen, which we
will convert to be expressed in terms of solar metallicity (assuming Z⊙ = 0.02) with the following
relation from Allende Prieto et al. (2001):


Z
log
Z⊙



 
O
+ 8.69 = 12 + log
H

(4.4)

Figure 4.6 shows that the metallicity coverage of the sample ranges from 0.4 to 1.2 Z⊙ . There
are however two sources of error to consider in this calculation. The first is apparent from the
distribution of metallicities and sSFRs in Figure 4.6: there is a strong limitation of 1.2 Z⊙ applied
once the sSFR reaches 10−11 yr−1 . This is due to the range of parameter space probed in Curti
et al. (2019), and the resulting parameterization which we utilized in Equation 4.1. While it might
seem reasonable to create an additional model to extrapolate the sSFR-Z relation to lower values
of sSFR, we choose to keep the returned metallicity values despite the clustering around 1.2 Z⊙ .
This metallicity sample will provide a wide enough range of values as it to reach a meaningful
result. The extent of the metallicity range is discussed further below. Additionally, the sample
in Curti et al. (2019) was calibrated on galaxies reaching z ≈ 1.5 Z⊙ , which would place another
upper limit on the metallicities we could calculate there.
The second source of error to note returns to the subject of the elevated SFR recovered
from Lightning when IR detections are not present (see Section 4.3.1). If we again assume
a worst-case scenario of all SFHs being elevated by 32.3% (using the center of the confidence
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Figure 4.7: Number of counts in the X-ray softband 1 (0.5–1.0 keV) versus the metallicity of
each galaxy. For illustrative purposes the galaxies are displayed in five equally spaced metallicity
groups. The color-coded text above each group shows the number of galaxies (N), the average
metallicity, and the stacked S/N of each group. This shows that there is good S/N across a wide
range of metallicity values with S/N exceeding 3 in all metallicity groups.
interval calculated earlier) then the resulting metallicity would decrease. The magnitude of this
decrease would depend on the sSFR of each galaxy, but for a typical galaxy of sSFR = 10−9 yr−1
(M⋆ = 1010 M⊙ and SFR = 10 M⊙ yr−1 ) the decrease would be ∼ 0.05 Z⊙ . This suggests that the
actual error in the metallicty of each galaxy should be less than this, which is an order of magnitude
less than the range of metallicity changes that we have in our sample. Additionally, this systematic
error in metallicity should be randomly distributed to galaxies throughout our sample instead of
specifically affecting one region of metallicity, further reducing the effect that it has on our results.
Attaining a wide range of metallicities, and verifying that the galaxies at the far reaches of our
metallicity range provide meaningful contributions to our sample, is crucial to the effectiveness of
this work. The full distribution of metallicities displayed in Figure 4.6 appears to be substantial,
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Figure 4.8: Number of counts in the X-ray softband 2 (1.0–2.0 keV) versus the metallicity of
each galaxy. For illustrative purposes the galaxies are displayed in five equally spaced metallicity
groups, which are the same as in Figure 4.7. The color-coded text above each group shows the
number of galaxies (N), the average metallicity, and the stacked S/N of each group. This shows
that there is better S/N in SB2 than SB1 due to the decreased background counts in SB2.
but we must also ensure that we have significant X-ray signal (specifically S/N) across the full
metallicity range as X-ray counts will once again be the direct statistic that we will model and
fit to. We investigate the S/N as a function of metallicity in Figures 4.7 and 4.8. In both figures
the sample is broken into five evenly-spaced metallicity bins for illustrative purposes only; these
bins are not used in further analysis. Each of the metallicity bins is annotated with the number of
galaxies within the bin, the mean metallicity of the galaxies, and the stacked S/N within the bin.
Figure 4.7 displays the statistics for the 0.5–1.0 keV energy range (hereafter softband 1, or SB1)
while Figure 4.8 shows the relevant statistics for the 1.0–2.0 keV energy range (hereafter softband
2, or SB2). SB1 has lower S/N across all the groups due to the relatively increased background
counts in that energy range, but each metallicity bin still reaches S/N > 3, which we consider to be
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an acceptable threshold.
We accept the metallicities as they have been calculated moving forward. It it worth noting that
the upper reaches of metallicity in this study (∼ 1.2 Z⊙ ) is a potential source of error as the true
metallicities could in fact be higher, however the range of metallicities from 0.4 to 1.2 Z⊙ should
produce reliable results that can be applied to a wider range of studies.

4.5

Modeling techniques

4.5.1

Model selection

The goal of this study is to create a single parameterization which includes both the age and metallicity of a stellar population. Gilbertson et al. (2022) included an attempt to create an age parameterization as a proof of concept for this work, but there was no robust test performed to estimate
the goodness of fit for the parameterization. Because no such model has been found yet, we will
attempt several different parameterizations. The goal of each of the parameterizations is to create
a model for LX /M⋆ in the 2–10 keV band (abbreviated to γ), which will then be used alongside a
single parameter for spectral shape (ω) to calculate model X-ray counts in each SB1 and SB2, as
outlined in 4.5.2. The spectral shape will be used for later calculations (see Section 4.6.2), but will
not presented through the rest of the paper as it is not a primary focus of this work.
The first model we will test be a modified version of the model from Gilbertson et al. (2022),
which was created with the idea of two quadratic models representing HMXBs and LMXBs separately. We will refer to this model as the “double quadratic model” going forward. We add an
additional term to each of the quadratic models to account for the different effect that metallicity
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Figure 4.9: Comparison of how the three different parameterizations included in this study would
fit the γ values estimated in the semi-independent model from Gilbertson et al. (2022). Each of the
models appears to fit the data fairly well, but have distinct values and behaviors across the span of
ages.
can have on each XRB population. The complete form is


log γ(tage ) = a0 (τ − b0 )2 + c0 + Z0 /Z + a1 (τ − b1 )2 + c1 + Z1 /Z

(4.5)


Throughout these parameterizations τ is used as an abbreviation for log tage . This parameteriza-

tion dedicates four parameters to each XRB population, resulting in eight total parameters for γ,
or nine total parameters including ω. Previously we found that the version of this model without
the metallicity parameterization appeared to fit the data well, but included significant degeneracies
between the parameters. These degeneracies can be investigated in 2-D plots of parameter distributions, but should not significantly impact the goodness of fit for the model.

The second parameterization imploys a similar core concept of creating two parameterization
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for HMXBs and LMXBs separately, but changes the functional form of each parameterization. The
b0 term in the double quadratic model can be thought of as the activation age for the HMXB population (when the peak γHMXB would be reached), however this is expected to be at a very young
stellar age (t < 106 yr) which cannot be constrained by our model as the youngest stellar age we
reach is 106 yr. Instead, the quadratic HMXB parameterization can be replaced by a power-law
with a multiplicative term for further decay at a turnoff age. The quadratic LMXB parameterization can also be replaced with a Gaussian model for more directly meaningful parameters such as
the deviation of γ with respect to age (σ). Lastly each of the HMXB and LMXB parameterization
will include a multiplicative term for metallicity. This model will be referred to as the “power-law
plus Gaussian” model, and has the following functional form:



γ(tage ) = a0 τ −α exp −τ /τ0 Z −β0 + a1 exp − (τ − τ1 )2 /σ 2 Z −β1

(4.6)

Again, this model has eight parameters for γ, meaning a total of nine parameters once ω is included. The goal of this second model is to investigate if the degeneracies of the double-quadratic
model can be removed, and if so what the effect on the goodness of fit will be.
A third model will also be tested to investigate the effect of reducing the number of parameters
of the model. We will refer to this model as the “broken power-law” model. We will use a functional form for a smoothly broken power-law, which is again an attempt to reproduce the effect of
two different populations of XRBs (through two power-laws). The functional form is


τ
γ(tage ) = A
τb

−α0 ( "
 1/∆ #)(α0 −α1 )∆
1
τ
1+
Z −β
2
τb

(4.7)

This model includes six parameters for γ for a total of seven parameters in the complete model.
This is a modest decrease from the nine parameters in the other two models, but maintains the
137

intent of modeling separate XRB populations.
A visual representation of each of the models is provided in Figure 4.9 alongside the median
results of the semi-independent model from Gilbertson et al. (2022). The double quadratic model
from Equation 4.5 is shown in the blue dot-dashed line, the power-law plus gaussian model from
Equation 4.6 is shown in the dashed orange line, and the broken power-law from Equation 4.7
is shown in the dotted green line. The double quadratic model shows the lack of any constraints
below 106 yr as mentioned earlier, but does an excellent job of fitting the data beyond that point.
One important note is that none of these models are displaying the metallicity dependence of each
parameterization. The models were fit using the median metallicity of the 344 galaxy sample
(Z = 0.57 Z⊙ ).
We present an illustrative example of the variance that metallicity can result create in the
double quadratic model in Figure 4.10. The metallicity of Z = 0.57 Z⊙ was selected because it was
the metallicity used while fitting the data points from Gilbertson et al. (2022), while Z = 0.4 Z⊙
and Z = 1.2 Z⊙ were selected because they are roughly equal to the metallicity range we cover in
the 2,401 galaxy sample. We note that the Z = 0.57 metallicity from Gilbertson et al. (2022) was
calculated using a different parameterization of the FMR. While each galaxy’s metallicity from
that 344 galaxy sample may be slightly different from the metallicities that would be calculated
using the FMR from Curti et al. (2019) (Equation 4.1), we expect that the overall median metallicity
should be within reasonable distance of 0.57 Z⊙ . Figure 4.10 shows that the metallicity dependence
can change as an XRB population ages, as the lines intersect and change relative to each other as
stellar age increases. This should not be taken as any indication of what the final result will be
though, as this was not fit using the current data set and metallicities.
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Figure 4.10: Demonstration of the metallicity dependence in the double quadratic model against
the results from the semi-independent model in Gilbertson et al. (2022). The curves were selected
as the limits of the metallicity in this study and the median metallicity from the previous 344 galaxy
sample. The differing metallicity parameters are demonstrated as the curves change relative to each
other across stellar age.
4.5.2

Model fitting and parameter estimation

The values for γ as a function of stellar age and metallicity can be calculated from each of the three
models outlined in Section 4.5.1. The age of each age bin will be considered to be the middle of
each age bin in log-space (i.e. the 108 –108.5 yr age bin will have an age of 108.25 yr). This leads to
seven discrete values for γ, which will be referred to as γi below. The process to fit each model to
the observed data then follows an identical procedure to Gilbertson et al. (2022). It will be briefly
outlined below as well.
With the age-binned massed derived from the Lightning SED-fitting procedure (M⋆,i ) and

139

the γi values from the three models, we calculate a separate luminosity in each age bin (ℓi (E)) as:


γi M⋆,i fgas,i (E) + fXRB,i (E)
ℓi (E) = R 10 keV
 ,
fgas,i [E] + fXRB,i [E] dE
2 keV

(4.8)

The contributions from XRBs and gas are determined by ω, which is defined as:
R 8 keV

ω ≡ R 8 keV

f (E)
0.5 keV XRB

0.5 keV

dE

.

fgas [E] + fXRB [E] dE

(4.9)

The XRB components are calculated from an xspec broken power law model with Γ1 = 1.8,
Ebreak = 5 keV, and Γ2 = 2.6. These values were selected based on the X-ray SEDs of well studied
galaxies M83, NGC 253, NGC 3256, and NGC 3310 (Lehmer et al., 2015; Wik et al., 2014;
Yukita et al., 2016). The hot gas emission component is created from an absorbed (NH,gas = 5.5 ×
1021 cm−2 ) single-temperature thermal plasma (apec) with kT = 0.2 keV. In this chapter we will
only use a single value for ω across all age bins, as we did not find statistically significant evidence
for an age-based evolution of ω in our previous work Gilbertson et al. (2022).
The total luminosity, ℓ(E), is then a simple linear combination of the seven age-binned values.
A model count rate in a given energy band (ΦE1 −E2 ) is calculated based on this model luminosity,
the distance (derived from the photometric redshifts and assumed cosmology), and the energydependent auxiliary response file (ARF) through the follow formulas:
ΦE1 −E2 = kE1 −E2 FE1 −E2
kE1 −E2 = R E2

R E2
E1

kE −E
= 1 22
4πdL

Z

E2 (1+z)

ℓ(E ′ ) dE ′ ,

(4.10)

E1 (1+z)

(1 + z) ℓ [E(1 + z)] dE

(1 + z) ℓ [E(1 + z)] ARF(E)/E dE
E1

,

(4.11)

Lastly the model counts for each energy band (SE1 −E2 ) can be calculated by converting the model
count rate with the observed exposure time (tE1 −E2 ), aperture correction (ξE1 −E2 ), and background
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counts (BE1 −E2 ) for the specific energy band.
SEmodel
=
1 −E2

ΦE1 −E2 × tE1 −E2
+ BE1 −E2 ,
ξE1 −E2

(4.12)

This procedure allows us to create model counts for both SB1 and SB2 based on the same values
for γi , M⋆,i , and ω. Those model counts in SB1 and SB2 can then be directly compared to the
observed counts, and the relevant statistics can be calculated.
We make use of the C statistic (e.g., Cash, 1979; Kaastra, 2017) to sample the posterior distributions for the model parameters, which is calculated as
C=2

n X
2
X
j=1 k=1

obs
obs
model
Smodel
− Sobs
j,k
j,k + S j,k ln(S j,k /S j,k ).

(4.13)

The indices j and k correspond to the n galaxies and two bandpasses SB1 and SB2, respectively.
This results in a total of 4,802 indepedent terms (i.e. n = 2, 401 galaxies and two bands). We
identified the best-fit values for each parameter by minimizing C, and we sampled their posterior
distributions using a Monte Carlo (MC) approach. We utilized the dual annealing optimization
method (Xiang et al., 1997) provided in the Python-based SciPy package2 to minimize C for
each model.
In each step of the MC procedure the masses and X-ray counts were perturbed according to
the respective distribution. Posterior distributions on age-binned masses are recovered from the
Markov Chain MC steps of Lightning, which preserves the covariances between each age bin.
The X-ray counts were perturbed according to a Poisson distribution centered on the measured
counts for each source. We repeated our process of perturbing the masses and X-ray counts and
minimizing C through dual annealing for 1000 times. This enables a sampling of the posterior
2

https://www.scipy.org/
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distributions for each parameter, both 1-D and 2-D marginalized distributions.
One of the primary goals of this work is to determine if any of these models produces a statistically acceptable fit. This will be determined by simulating fake data around each of the best-fit
models and calculating a distribution of C values from that fake data. The null hypothesis in this
case is that the C values recovered from the real data are equal to the C values recovered from the
fake data, indicating that the model is as good of a fit to the real data as it is to the fake data made
specifically for each model. Once the best-fit solution for each model is determined, we calculate
model luminosities from each galaxy and perturb them based on the SFR and M⋆ scatter studied
in Lehmer et al. (2019). The perturbed luminosities are then converted in fake counts through the
same equations as outlined earlier in this section. Lastly the fake counts are perturbed again assuming Poisson distributions and then refit to find the minimum C values. This process of creating
fake data and refitting it is repeated 200 times.
With the distributions of C from the fake data for each of the models and the values of Cmin
from the real data, we calculate a p-value by determining what fraction of the simulated data results
in a C statistic larger than that of the real data.
Pnull =

N(C > Cmin )
Ntotal

(4.14)

Here Ntotal = 200 for all models. We consider a Pnull value less than 0.05 to be unacceptable in
terms of the data being consistent with the model.
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Figure 4.11: The expected C statistic distribution for each of the three models are shown in the
solid color lines, with Cmin from the real data displayed as a point with the corresponding color.
The values for Cmin and Pnull are shown in Table 4.2.
4.6

4.6.1

Results

Results from each parameterization

The minimized C statistic is shown in relation to the expected distribution for all three of the
models in Figure 4.11. The expected distributions appear to follow reasonably normal distributions
for the double quadratic and power-law plus Gaussian models, but the broken power-law model
appears to have a positive skew. This skew does result in a non-zero Pnull for the broken power-law
model (observed by the point denoting Cmin being below some of the values from the expected
distribution), this still does not result in a failure to reject the null hypothesis. Precise values
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for each recovered parameter, as well as Cmin and Pnull are listed in Table 4.2. The parameter
values listed before the parentheses are the values the produced the single fit corresponding to Cmin ,
while the values in parentheses are the median values and 1 − σ uncertainties. These quantities
were derived from the 1-D marginalized parameter distributions. The fitting results for ω are
omitted from the table as they are not the focus of this study, but we do note that all values and
the uncertainties agree with ω > 0.95, indicating that the spectral shape at all ages is heavily XRBdominated.
The only model that produces an acceptable fit to the data is the double quadratic model,
expressed in Equation 4.5. The 1-D and 2-D marginalized parameter distributions for the double
quadratic model are shown in Figure 4.12. As was discussed in Section 4.5.1, there appear to
be significant degeneracies involved, especially in the first quadratic which would represent the
HMXB population. The lack of any age constraints below 106 yr results in a wide distribution of
b0 , further affecting the results for a0 , c0 , and Z0 as they shift in accordance with the changes to b0 .
For a visual comparison of the three models we present Figures 4.13, 4.14, and 4.15, each of

which shows the age and metallicity evolution of γ tage . The five lines on each plot show five

different metallicities: 0.5 Z⊙ , 0.57 Z⊙ , 0.8 Z⊙ , 1.0 Z⊙ , and 1.2 Z⊙ . The 0.57 Z⊙ line is shown
for comparison to the median metallicity of Gilbertson et al. (2022). However, it was noted in
Gilbertson et al. (2022) that when the sample was split into two subsamples by metallicity, the
lower metallicity subsample dominated the observed γ at young ages, but as stellar age increased
the higher metallicity subsample began to control the value of γ. We find similar results when
comparing the points to the various metallicities across all parameterizations.
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Table 4.2: Parameter distributions and C statistics for the three models. Within the columns for each model the left column displays
the parameter while the right column displays the parameters that produced the lowest C statistic, followed by the median and 1 − σ
errors from the 1-D marginalized distributions. The fit values for ω are not shown as, but were all > 0.95, implying XRB dominated
spectral shapes. In the lower portion, the calculated minimum Cmin is listed for each model and the Pnull . The Pnull value is calculated by
simulating fake data sets around the model and then refitting those data sets (see Section 4.5.2), reflecting the probability of the model
properly fitting the data.
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For further comparison the computational simulation results from Fragos et al. (2013a) are
included as a dashed gray line in each of the figures. The Fragos et al. (2013a) model similarly
suggests that stellar populations of different metallicities could dominate the overall emission spectrum from a galaxy, as the gray line crosses over the various metallicity lines from each model.
Discrepancies between the Fragos et al. (2013a) model and Gilbertson et al. (2022) results have
already indicated that more informed computational simulations can be created. By tuning the
binary stellar evolution parameters in a computational simulation to find good agreement with the
results of this and other studies one would be able to recover valuable information on the formation
of XRBs (i.e. the common envelope phase and supernova kick effects), but such work is beyond
the scope of this study.

Across all parameterizations there are two clear patterns: γ tage tends to generally decrease


with respect to stellar age, and γ tage increases as metallicity decreases. These two relations are,

on a qualitative level, the generally expected trends based on results from prior studies. However,
it is clear that several other decisions regarding the models are significantly affecting the results.
In Figure 4.13 the double-quadratic model appears to heavily favor a b1 value at ∼ 108 yr,
which can be thought of as the peak LMXB activate age. This is far earlier than expected, as this
would correspond to still relatively high-mass stars (M⋆ = 6 M⊙ ), which falls outside the range of
what is traditionally thought of as an LMXB. This further ties into the turnoff age for LMXBs,
which the model predicts will fall off rapidly past 109.5 yr. While this model does produce an
acceptable fit to the data (Pnull > 0.05) the limitations of the data must be taken into account. Similar to how there are no age constraints below 106 yr, there are no age constraints above 109.75 yr
either. LMXBs would be expect to continue at a relative sustained power output beyond this age
(Lehmer et al., 2016, 2017). Aside from stellar age effects, it is clear that this model recovers
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Figure 4.12: Marginalized probability distributions for the eight parameters determining γ tage in
the double quadratic model. 1-D distributions are shown along the diagonal and 2-D distributions
are shown below the diagonal. The vertical dashed lines in the 1-D plots show the 1 − σ (16%–
84%) uncertainties. The parameter symbol, numerical values for the median, and uncertainties are
listed above each 1-D distribution.
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Figure 4.13: The age and metallicity evolution of γ tage in the 2–10 keV range as parameterized in
the double quadratic model. The color of each line corresponds to a particular metallicity, as shown
in the colorbar on the right. The semi-independent results from Gilbertson et al. (2022) (estimated
to reflect a median metallicity of 0.57 Z⊙ ) are shown as black points, while the theoretical model
from Fragos et al. (2013a) is shown as a dashed gray line for comparison.
a significant metallicity evolution in the HMXB population, while still suggesting that a weaker
metallicity evolution exists. This is apparent from the separation between the lines in the figure
(greater separation in the younger stellar ages), as well as the numerical values listed for Z0 and Z1
in Table 4.2.
The power-law plus Gaussian model in Figure 4.14 demonstrates another example of the model
fitting the data in an unintended way. The power-law was given a multiplicative term for a drop-off
age. However, this appears to have led to significant uncertainty in the slope of the power-law
(α). The best-fit solution essentially set α to zero and simply used the exponential drop-off term to
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Figure 4.14: The age and metallicity evolution of γ tage in the 2–10 keV range as parameterized
in the power-law plus Gaussian model. The color of each line corresponds to a particular metallicity, as shown in the colorbar on the right. The semi-independent results from Gilbertson et al.
(2022) (estimated to reflect a median metallicity of 0.57 Z⊙ ) are shown as black points, while the
theoretical model from Fragos et al. (2013a) is shown as a dashed gray line for comparison.
create a straight-line fit. Because the HMXB-portion of the model never dropped off, the LMXB
population once again appears to form a sharper peak in place of a wider more sustained effect.
This model appears to have a more difficult time separating the intended HMXB and LMXB components, as it does not produce an acceptable fit to the data (Pnull < 0.05). However, it still finds
a strong dependence on metallicity in the HMXB population, and a weaker but non-negligible dependence on metallicity in the LMXB population.
Lastly, the broken power-law model in Figure 4.15 also shows the model finding a straight-line
fit for the best fit solution. The youngest stellar population is taken to be 106 yr in all cases, which
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Figure 4.15: The age and metallicity evolution of γ tage in the 2–10 keV range as parameterized
in the broken power-law model. The color of each line corresponds to a particular metallicity, as
shown in the colorbar on the right. The semi-independent results from Gilbertson et al. (2022) (estimated to reflect a median metallicity of 0.57 Z⊙ ) are shown as black points, while the theoretical
model from Fragos et al. (2013a) is shown as a dashed gray line for comparison.
is the location of the age-break. The first portion of the broken power-law is fit with essential no

−1
constraints, resulting in non-physical values for γ tage of 1036−38 erg s−1 M⊙
. Beyond that age,

the model effectively produces a single power-law fit to the data in terms of age, with a metallicity
evolution as well. It is worth noting that the age-break can also be found at the other end of the
stellar age range, as shown in Table 4.2. This accomplishes nearly the same result though, with
the age-break commonly being found at or beyond the final age of 109.75 yr. The Pnull indicates
that this produces a more acceptable fit than the power-law plus Gaussian model (0.02 and 0.01
respectively), which would suggest that the additional parameters of the power-law plus Gaussian
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model do not add substantially to goodness of fit. However, we note that the C statistic distribution
for the broken power-law model has a notable positive skew. It is entirely possible that with further
sampling of the expected C statistic that the broken power-law model would give the same Pnull as
the power-law plus Gaussian model.

4.6.2

The metallicity-evolving scaling relation

As mentioned earlier, the scaling relation most commonly used for HMXB luminosity is SFR,
expressed as LX /SFR. In order to calculate this we used the continuous parameterization from 0.1
to 100 Myr, as 100 Myr is commonly assigned as the age cutoff for recent star formation (e.g.
Mineo et al., 2012a; Ranalli et al., 2003). By finding the mean SFR across this time the values
of LX /M⋆ can easily be converted to LX /SFR. Additionally for a more direct comparison to other
studies we convert the LX from the 2–10 keV band to the 0.5–8 keV through a multiplicative factor
determined by the spectral shape ω. We repeat this process across the range of metallicities that
we cover in this study, 0.5–1.2 Z⊙ . Lastly, we convert these metallicities to 12 + log(O/H) as
presented in Equation 4.4, again for direct comparison with other studies (i.e. Brorby et al., 2016;
Fragos et al., 2013a; Lehmer et al., 2021). The resulting evolution of LX /SFR with metallicity is
shown in Figure 4.16.
This clearly illustrates that there are still significant shortcomings of the models presented
in this study. The double quadratic model produced an acceptable fit to the data, yet appears
to significantly under estimate LX /SFR at most metallicities when compared to other significant
benchmarks. While the double quadratic and power-law plus Gaussian models are both close to the
results from other studies at 12 + log(O/H) = 8.4, they decline at a much faster rate. While a de151
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Figure 4.16: The Z-LX /SFR scaling relation evolution for each of the three models, as well as
three other studies for comparison. The models presented in this study are shown as solid lines,
while the results from other studies are shown as dashed (Fragos et al., 2013a), dotted (Lehmer
et al., 2021) and dot-dashed lines (Brorby et al., 2016). The shortcomings of the parameterizations
in this study become clear, as it is highly unlikely that the body of work done so far to study this
scaling relation is incorrect by orders of magnitude.
cline in LX /SFR as metallicity increases is expected, the double quadratic model results in over an
order of magnitude further decrease in LX /SFR by solar metallicity (12 + log(O/H) = 8.69) compared to both computational models and observational evidence of local low-metallicity galaxies.
The broken power-law overestimates LX /SFR significantly, which is most likely a result of the lack
of constraints below 106 yr. As shown in Figure 4.15, the value of γ reaches extremely high values
at young ages, which are included in the calculation of LX /SFR here.
It is clear that further development of a physical parameterization is required before it can be
applied widely and extrapolated out to a useful range of metallicities. Only one metallicity evolution was attempted for each of the models in this study. We believe that in follow up investigations
that these models can act as starting points and more care can be given to utilizing a variety of
metallicity evolutions.
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4.7

Summary

While expanding our sample to 2,401 normal, actively star-forming galaxies in the CDFs, we confirm that Lightning is capable of accurately reproducing the total stellar mass in a galaxy in the
absence of IR detections. We have developed continuous parameterizations for the X-ray luminosity scaling with stellar mass (LX /M⋆ ) in respect to both stellar age and metallicity. Our analyses
indicate significant changes in LX /M⋆ both as stellar populations age and change in metallicity.
Specific findings from our study include:
1. While the total stellar mass recovered from SED-fitting does not change significantly with
the inclusion of IR detections, the same cannot be said for recent star formation and stellar mass. IR detections can significantly secure the mass accuracy of the youngest stellar
populations by up to a factor of 0.3 dex.
2. We find good agreement with previous studies that as a stellar population ages from 106 to
1010 yr the LX /M⋆ will decrease by a factor 1000.
3. We find strong evidence for the evolution of X-ray luminosity with respect to metallicity.
Such an evolution is present across all three parameterizations presented in this work of
varying degrees. This metallicity dependence is found primarily in the younger population
of HMXBs, but is present in the older population of LMXBs as well.
4. The global scaling relation LX (HMXB)/SFR can be derived by selecting parameter fit results
from subsets of age-ranges (younger populations for HMXBs). The scaling relation that we
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find with respect to metallicity significant disagrees with that of previous studies. While our
model did produce an acceptable fit to the data, we believe that the functional form of the
metallicity evolution presented in this work must not be representative of the true underlying
evollution. As additional functional forms are fit to the data it is highly possible that a
parameterization that better matches the observed data is uncovered. Such a parameterization
would have many applications to further our understanding of cosmic history.
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4.8

Appendix

In this section we include additional graphs comparing the recovered stellar masses within each
of the seven age bins from Lightning when IR detections are and are not included (see Section
4.3.1 for details). Throughout each of these figures the top panel shows a direct comparison of the
two stellar masses, with the red line showing a one-to-one relation. Each lower panel shows the
residuals, defined as:
Mi,(no IR) − Mi
residual = q
2
2
σi(no
IR) + σi

(4.15)

The red line in the lower panels shows a residual of 0.

Additionally we include the 1-D and 2-D marginalized distributions for the power-law plus
Gaussian and broken power-law models (see Sections 4.5.1 and 4.6.1). Similar to Figure 4.12,
the 1-D distributions show 1 − σ uncertainties as vertical dashed lines, with the numerical values
including the median result atop each distribution.

163

M1 (no IR) [M ]

109
108
107
106

M1 resid [ ]

2
0
2
4
6
106

107

108

M1 [M ]

109

Figure 4.17: Comparison of the stellar mass in the first age bin (0–10 Myr) when IR detection are
and are not included.
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Figure 4.18: Comparison of the stellar mass in the second age bin (10–31.6 Myr) when IR detection
are and are not included.
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Figure 4.19: Comparison of the stellar mass in the third age bin (31.6–100 Myr) when IR detection
are and are not included.
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Figure 4.20: Comparison of the stellar mass in the fourth age bin (100–316 Myr) when IR detection
are and are not included.
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Figure 4.21: Comparison of the stellar mass in the fifth age bin (0.316–1 Gyr) when IR detection
are and are not included.
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Figure 4.22: Comparison of the stellar mass in the sixth age bin (1–3.16 Gyr) when IR detection
are and are not included.
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Figure 4.23: Comparison of the stellar mass in the seventh age bin (3.16–10 Gyr) when IR detection
are and are not included.
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Figure 4.24: Marginalized probability distributions for the eight parameters determining γ tage
in the power-law plus Gaussian model. 1-D distributions are shown along the diagonal and 2-D
distributions are shown below the diagonal.
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Figure 4.25: Marginalized probability distributions for the six parameters determining γ tage in
the double quadratic model. 1-D distributions are shown along the diagonal and 2-D distributions
are shown below the diagonal.
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Chapter 5
Conclusion
At the beginning of this work we set the goal of developing and implementing a method to investigate the role that metallicity and stellar age have on the luminosity of X-ray binary (XRB)
populations within the deep fields. We will now reflect on how the accomplishments of this work
compare to that goal, and also look ahead to possible future investigations that could begin from
where this work has ended.
The process of implementing stellar age and metallicity into a parameterization for the XRB
luminosity of a galaxy requires getting accurate estimates for each of those parameters. Metallicity was estimated through the fundamental metallicity relation, which is calculated from the stellar
mass and star formation rate (SFR) of each galaxy. Stellar age requires accurate knowledge of the
star formation history (SFH) of a galaxy, which is recovered through spectral energy distribution
(SED) fitting. We use the Lightning SED fitting procedure throughout all of our work to determine SFHs. Lightning utilizes a proper initial mass function (IMF), a robust set of libraries
for isochrones and stellar spectra, and an accurate perscription for the attenuation and emission
due to dust. Lightning also makes use of an accurate and computationally efficient SFH model:
age-binned SFR. This final part is the key to recovering age-binned stellar mass contributions to
the current stellar mass of a galaxy. We validated the use of Lightning by comparing it to well
established benchmarks and find that it rapidly provides good fits to galaxies spanning a variety of
SFHs. We also found that Lightning can be utilized without IR detections if necessary. Doing
so introduces systematic errors affecting the youngest stellar age bins (tage < 108 yr), but these errors can be quantified and accounted for as the SFHs are recovered.

173

The age-binned stellar masses were successfully implemented into a non-parametric model for
LX /M⋆ as a function of stellar age. A sample of 344 galaxies was used to find statistically significant evidence for a decrease in LX /M⋆ by a factor of ∼1000 over a 1010 yr age range. The
age-evolution of LX /M⋆ was further investigated by splitting the sample into various subsamples.
No dependency on redshift, location, or X-ray detection was found, but there is evidence supporting the investigation of metallicity as an important factor. Efforts were also made to study
the change in the shape of the X-ray SED as a stellar population ages. We found evidence to
suggest that the spectral shape hardens over time, but the statistics supporting this claim are not
significant enough to strongly declare. The spectral shape was compared to other studies and was
validated, suggesting that it is still a useful parameter for modeling. Additional results were interpreted from the stellar age model, including scaling relations for LX (gas)/SFR, LX (HMXB)/SFR,
and LX (LMXB)/M⋆ . The model was also utilized through outlier detection as an alternative AGN
detection method.
Finally, the metallicity estimates were incorporated into the model, and the previously nonparametric model was replaced with a complete parameterization. This proved to be the most
difficult task, as there is no previously established functional form for XRB luminosity. The metallicities and age-binned stellar masses have uncertainties, but we believe that they are manageable.
Three different parameterizations were fit to the expanded sample of 2,401 galaxies, but only one
of them resulted in an acceptable fit to the data. All three parameterizations predict a decline in
LX /M⋆ similar to that found in the non-parametric stellar age model, and they also all suggest that
metallicity plays a significant role in the evolution of the X-ray luminosity. However, when the
metallicity evolution is compared to local observational data and theoretical computation models
the metallicity evolution we recover is significantly stronger than any other metallicity evolution
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published. Although we found a model that fit the data, it is not a useful model for the goal of
applying it to studies of a wide range of galaxies, or extrapolation to the early Universe.
We find that while we did achieve our goal, there is still clearly more work that can be done
to improve the utility of the complete physical parameterization. It is possible that a change to the
SED fitting procedure is necessary, as the current method lacks constraints on ages below 106 yr
and above 109.75 yr. Additionally, directly incorporating metallicity evolution into Lightning
could further improve the accuracy of the results, as the current assumption that the entire stellar
population of a galaxy has the exact same metallicity is incorrect. Perhaps more importantly, a reasonable functional form has to be found. It is entirely possible that the functional forms we used
could not have produced results in agreement with the literature even under optimal conditions.
If both of these obstacles can be addressed then a complete physical parameterization should be
found and will quickly prove useful.
Two immediate uses of such a model would be to inform binary population synthesis models and estimate the contribution of XRBs to the heating of the intergalactic medium throughout
cosmic time. Binary population synthesis procedures have numerous input parameters. By tuning
those input parameters to match a robust, observationally-driven model it would be possible to
gain insights into exact details of the evolution of binary star systems. This has further implications beyond the study of XRBs, such as millisecond pulsars and gravitational wave sources. Such
a project would be broadly informative to many fields of astronomy and would make an excellent
follow-up project to this work. Other uses would be in identifying AGNs that are heavily obscured or otherwise avoid detection through more traditional methods. There are plenty of useful
applications of this project throughout astronomy, it is truly a question worth answering.
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